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This work investigates the allowed parameter spaces of a simplified dark matter (DM) model
characterized by a spin-0 mediator with masses in the low to intermediate range (< 10 GeV). We
systematically divide the parameter space into various mass regions of the mediator and constrain the
model parameters using a diverse set of observables, including flavor-changing charged and neutral current
processes such as rare and semileptonic decays of pseudoscalar mesons (B and K), electroweak precision
observables, alongside data from fixed-target experiments. Additionally, we explore the model’s capability
to explain recent Belle II data on invisible B meson decays. Our study includes a detailed examination of
DM properties and the constraints from big bang nucleosynthesis. We present bounds on model parameters
through individual and simultaneous analyses of the available inputs and highlight their implications for
understanding DM phenomenology. Furthermore, we obtain bounds on the couplings of the possible
gauge-invariant dimension-5 operators, leading to the possible interactions between the spin-0 mediator
and the SM gauge bosons and fermions. This study comprehensively investigates the constraints and
theoretical implications associated with low-mass spin-0 mediator DM models.
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I. INTRODUCTION

The Standard Model (SM) of particle physics is suc-
cessful in describing many phenomena of nature at the
fundamental level. However, the model falls short in
explaining certain key aspects of nature. It lacks a viable
candidate for dark matter (DM) and struggles to accom-
modate the observed baryon asymmetry. Furthermore, the
model does not provide a mechanism for neutrino mass
generation. To address these deficiencies, various exten-
sions of the SM have been proposed. All these extensions
introduce new degrees of freedom and interactions at higher
energy scales and provide suitable DM candidates to
explain the observed pattern in the data on DM searches
and baryon asymmetry. Low-energy observables could play
a crucial role in probing the new interactions beyond the
SM (BSM); in such cases, we need to look for deviations
between the measured and the predicted values (SM) of the
relevant observables. In experimental searches for DM, it is
convenient to study the signatures of this DM candidate in a
model-independent way using an effective field theory

(EFT) approach. This approach involves identifying inter-
actions between DM particles and SM fields through a set
of non-renormalizable operators, characterized by an effec-
tive scale Λ and the DM mass. However, given the
limitations of the applicability of the DM EFT at the
center-of-mass energies at the LHC, recent searches at the
ATLAS and CMS rely on the simplified DM models
(SDMs); for details, see the analyses in Refs. [1–19].
Among the various possibilities of the new physics (NP)
particles, the LHCb and ATLAS are continuously searching
for scalar and pseudoscalar mediators [20–26], which is our
main focus in this study.
DM models featuring scalar and pseudoscalar mediators

are particularly compelling, as they can be naturally
embedded within ultraviolet-complete frameworks, offer-
ing both theoretical consistency and phenomenological
richness. Prominent examples of such frameworks include
two-Higgs-doublet models (2HDMs) [13,18,27,28], super-
symmetric extensions [29–32], and singlet extensions of
the SM [33–37]. Beyond these well-motivated frameworks,
scalar and pseudoscalar mediators have also been exten-
sively explored in the context of low-mass DM scenarios.
The sub-10 GeV pseudoscalar regime was analyzed in
detail in [38], incorporating constraints from both flavor
physics and the dark sector. Analogous studies for scalar
mediators appear in [39,40], with the latter allowing mixing
with the SM Higgs. Pseudoscalar-mediated DM has also
been proposed as an explanation for the DAMA modula-
tion signal [41–43], while remaining consistent with null
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results from other direct detection experiments. Finally,
scalar and pseudoscalar mediators in loop-induced direct
detection scenarios have been studied extensively [44,45],
with the latter focusing on sub-GeV DM and self-inter-
actions in the dark sector.
While our focus is on fermionic DM coupled to a spin-0

mediator in the low-mass regime, a variety of alternative
scenarios for low-mass fermionic dark matter have been
explored in the literature. These include models where DM
carries lepton or quark flavor [46], frameworks invoking
minimal flavor violation (MFV) to ensure stability [47],
and scenarios with top-flavored dark matter [48]. Higgs-
portal fermionic DM has also been considered [49], while
Majorana DM with a neutrinophilic scalar mediator was
studied in the context of relic density in [50]. Collectively,
these studies highlight the theoretical diversity and phe-
nomenological richness of low-mass fermionic DM mod-
els. Flavor physics might be important in indirectly
detecting new particles or interactions beyond the SM.
In this regard, semileptonic rare B and K decays may serve
as a particularly valuable tool. These decays offer relatively
clean experimental signatures, manageable theoretical
uncertainties, and suppressed rates in the SM, making
them sensitive probes of BSM physics. Recently, the Belle
II collaboration reported an analysis of the rare flavor
changing neutral current (FCNC) process Bþ → Kþνν̄
[51]; the measured value of the branching fraction shows
an excess of 2.7σ above the SM prediction [52]. Similar to
this decay, there are other FCNC invisible decays, like
B0→Kð�Þνν̄;KL;S→πνν̄;
B→ρνν̄, and B → ϕνν̄, for which the upper bounds on the
respective branching fractions are available [51,53–57]. In
these searches, neutrinos go undetected, and their possible
signature is traced via missing energy signals. As we know,
the missing energy signals are the revelatory clue of the
production of stable neutral particles. Like neutrinos, any
other invisible particles will also go undetected and could
produce missing energy signals. One of the most common
examples of such a neutral particle beyond the SM is
the DM.
Apart from the flavor data, electroweak precision observ-

ables (EWPOs), dipole moments of leptons and quarks,
play a crucial role in testing the allowed parameter spaces.
These observables include measurements related to the
properties of the W and Z bosons, such as their masses and
decay rates, as well as other precision electroweak
parameters.
In light of recent advancements in experimental data on

various flavor-changing neutral current, charged current,
and other flavor and electroweak observables from multiple
experiments, as well as the increasingly stringent limits on
DM direct detection cross sections from several collabo-
rations, a comprehensive global analysis that incorporates
all relevant constraints in a correlated manner remains
absent. In this work, we aim to fill this gap by

systematically exploring the parameter space of the model,
taking into account the interplay among these diverse
constraints. In dark matter phenomenology, benchmark
scenarios are often selected based on limited theoretical
guidance, and in collider studies of simplified models, such
choices are frequently made in an ad hoc manner. In
contrast, our analysis provides a systematically correlated
parameter space for the model parameters, offering a more
robust foundation for both phenomenological and exper-
imental investigations. This structured approach not only
enhances the interpretability of results across different
studies but also facilitates meaningful comparisons.
Furthermore, our findings indicate that the constraints
derived from current data are expected to become signifi-
cantly stronger with improved precision in low-energy
measurements, thereby offering valuable direction for
future experimental searches.
This paper is organized as follows: in Secs. II and III, we

discuss the particle content and possible interactions of the
simplified model we have considered and the methodology
used to calculate the loop contributions. Section IV
describes the impact of the NP on various observables,
including flavor changing charged currents (FCCC),
FCNCs, and EWPOs, along with cosmological constraints.
Finally, in Sec. V, we discuss and analyze our results for all
observables, both separately and simultaneously with DM
and other constraints. The bounds on a toy model are
discussed in Sec. VI. We conclude by summarizing our
findings in Sec. VII.

II. WORKING MODEL: SIMPLIFIED DARK
MATTER

Among the broad class of SM extensions, scenarios
involving scalar and pseudoscalar mediators are especially
well motivated. Pseudoscalar mediators, in particular, have
gained considerable attention in the context of indirect
detection (ID) [58–60], as they couple in a spin-dependent
and momentum-suppressed manner in direct detection
(DD) experiments, thereby evading stringent constraints.
These models are especially compelling because they can
address long-standing anomalies such as the DAMA annual
modulation signal [61] and the gamma ray excess in the
energy range of 1–3 GeV observed at the Galactic Center
[62], while also achieving the correct DM relic abundance
[41,43]. The motivation for focusing on the low-mass
region will be discussed in the latter part of this section.
We have considered an extension of the SM by singlet

Dirac fermion DM χ, which is odd under the discrete
symmetry Z2 (χ → −χ). The spin-0 singlet S is commu-
nicating with SM as well as the DM. The relevant
Lagrangian can be written as follows [8,40,63,64]:
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L ¼ LSM þ 1

2
χ̄ði∂ −mχÞχ þ

1

2
∂μS∂μS − Lχ̄χS − Lψ̄ψS

− LVVS − VðS; hÞ: ð1Þ

The interactions of S with the DM (χ) and SM fermions (ψ)
are written as

Lχ̄χS ¼ χ̄ðcsχ þ icpχγ5ÞχS;
Lψ̄ψS ¼ mψ ψ̄ðcs þ icpγ5ÞψS; ð2Þ

with cs ¼
ffiffi
2

p
gs

v ; cp ¼
ffiffi
2

p
gp
v , v being the vacuum expectation

value (VEV) of SM Higgs, and gsðpÞ being dimensionless

couplings.
To avoid tree-level FCNCs, we adopt interactions con-

sistent with the principle of MFVwithout which the generic
couplings of new scalar or pseudoscalar mediators to SM
fermions can lead to large FCNCs, which are tightly
constrained by precision flavor experiments. The central
motivation for employing MFV is to ensure that the
mediator couplings in our simplified model are naturally
aligned with the flavor and gauge structure of the SM. This
alignment is crucial for maintaining consistency with
stringent experimental bounds on FCNC processes.
MFV provides a systematic framework wherein all fla-
vor-violating interactions are governed by the structure of
the SM Yukawa couplings. By ensuring that any new
physics respects the same flavor symmetries as the SM, this
approach not only enhances the theoretical viability of the
model but also simplifies the parameter space by aligning
new interactions with known flavor hierarchies. Our
analysis uses an MFV setup, where flavor dependence
comes only from fermion masses. The interactions are
strictly flavor-diagonal, with universal coefficients and no
new sources of flavor violation. Thus, the same operator
structure also fits non-MFV scenarios with flavor-diagonal
couplings. As a result, our bounds apply not only to MFV
models but also to broader non-MFV frameworks that share
this diagonal flavor structure.1

The interactions of the spin-0 boson Swith the SM gauge
bosons are defined by

LVVS ¼ c0WW
þ
μ Wμ−Sþ c0ZZμZμS: ð3Þ

Here, the gauge boson mediator couplings are written as

c0V ¼ 2M2
VcG; ð4Þ

with cG ¼ gV
v , so that the NP couplings will be in the

same scale as the previous Sf̄f couplings. Before the
electroweak symmetry breaking, the scalar potential can be
written in terms of the SM Higgs doublet H ¼ f0; ðvþhÞffiffi

2
p g,

which is as given below:

VðS;HÞ ¼ μ2S
2
S2 þ λ3

3!
S3 þ λ4

4!
S4 þ λ1SH†H

þ λ2S2H†H þ μ2hH
†H þ 1

2
λHðH†HÞ2: ð5Þ

After the electroweak symmetry breaking, the VðS;HÞ can
be expressed in terms of the physical Higgs field h and the
VEV (v) and defined as VðS; hÞ of Eq. (1). The relevant
expression is given by

VðS;hÞ ¼m2
h

2
h2 þ vλH

2
h3 þ λH

8
h4 þ μ2S

2
S2 þ λ3

3!
S3 þ λ4

4!
S4

þ vλ1hSþ
λ1
2
h2Sþ vλ2hS2 þ

λ2
2
S2h2: ð6Þ

In principle, the mediator S could mix with the SM Higgs.
However, we have kept those mixing parameters (λ1) small.
A similar simplified model is considered in our previous
work [64], where we studied the phenomenology focused on
the high-mass region of the mediator, i.e,MS ≥ 100 GeV. In
this work, we intend to study the low-mass region of the
mediator, i.e., for the regionMS ≤ 10 GeV. The correspond-
ing possible higher-dimensional operators and UV comple-
tion of this simplified model are discussed in detail in [64].

A. Motivation for low-mass spin-0 mediators

Inspired by the various motivations for scalar and
pseudoscalar extensions, in this work, we focus on a
general spin-0 extension of the SM. Such an approach
offers advantages over considering purely scalar or pseu-
doscalar mediators separately. A key motivation is that
CP-violating couplings of a spin-0 mediator can contribute
to (chromo-)electric dipole moments of fundamental
fermions and atomic nuclei, and can introduce new
CP-violating phases in meson mixing—effects not possible
with purely scalar or pseudoscalar couplings, which affect
amplitudes but do not generate new CP-violating phases
[65,66]. Experimentally, a spin-0 mediator with CP-violat-
ing couplings can lead to distinctive collider signals, such
as angular asymmetries in τþτ− or tt̄ decays, and
CP-sensitive angular correlations between jets in the trans-
verse plane or among multiple photons [67–71]. These
features are absent in the purely scalar or pseudoscalar case
and thus serve as clear signatures of CP violation.
The low-mass regime is particularly compelling among

the various extensions of the scalar sector beyond the SM.
The traditional searches have focused on weakly interacting

1In particular, our bounds are directly applicable to scenarios
where the mediator couples to tt̄ and charged lepton pairs (eþe−
and μþμ−), as discussed later, since these couplings enter directly
at the observable level, allowing the bounds to be used without
modification. However, for couplings to other fermions, no direct
correspondence can be established in the absence of a flavor-
structuring principle such as MFV, and the corresponding
constraints must be derived separately from the processes that
dominantly probe them.
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massive particles (WIMPs) in the 10 GeV to 1 TeV mass
range. The absence of conclusive evidence from these
searches has prompted a paradigm shift toward exploring
lower mass candidates. On the contrary, the low-mass region
remains relatively less explored than highermasses,making it
a fertile ground for potential breakthroughs.At the same time,
recent developments in detector sensitivity, background
suppression, and quantum sensor technologies will help
probe low-mass DM with a reasonably good precision. In
the below items, we will outline a few other motivations for
studying DM in the sub-10 GeV mass range, including
models where both the DM particle and the mediator are
light. For light DM to achieve the correct relic abundance via
thermal freeze-out, a light mediator is often required to
enhance the annihilation cross section.

(i) Many well-motivated extensions of the SM, such as
asymmetric DM, hidden sector models, and light
dark photons, naturally predict DM particles in the
MeV to GeV range.

(ii) In the low-mass regions of DM, the DM-nucleon
scattering cross section is less constraining, allowing
a larger viable parameter space [72–74].

(iii) This region remains accessible to future experi-
ments, especially those designed to probe DM
scattering off electrons [75–77].

(iv) DM can be thermally produced by annihilating with
another dark sector particle (mediator), which can
provide the required annihilation cross section to
achieve the correct relic density of the Universe [78].

(v) Indirect signatures from flavor observables also offer
sensitivity to light dark sector particles. Processes
involving missing energy, such as decays producing
neutrinos in the final state, can act as signals for new
invisible particles [51].

(vi) Dedicated searches for such particles are ongoing at
experiments like Belle II [79–82] and BES III
[83,84], as well as in fixed-target and beam-dump
setups such as NA64 [85–87] and others [88–90].

(vii) Moreover, particles with very small couplings to the
SM may behave as long-lived particles, which are
actively being searched for across multiple exper-
imental platforms [80,91,92].

Altogether, the low-mass dark sector presents an exciting
frontier for discovering light NP and exploring its phenom-
enological consequences.
Additionally, we note that the SDM framework has

previously been examined in the context of DM phenom-
enology. However, our work extends significantly beyond
the scope of existing studies. While earlier analyses often
rely on arbitrarily chosen benchmark points, we present a
systematic and correlated exploration of the parameter
space. In particular, we incorporate constraints from a
wide range of low-energy observables and electroweak
precision observables—aspects that have been largely
neglected in prior literature. This inclusion is not merely

supplementary; it is essential for achieving a robust and
realistic assessment of the model.
Furthermore, we establish a direct correlation between

the DM couplings and the couplings of S to the SM
fermions, and we map the allowed regions in the ðMS;MχÞ
mass plane. This correlated approach represents a critical
advancement, as it avoids the shortcomings of disconnected
parameter choices and enables a more predictive and
testable framework. Our global analysis therefore addresses
a key gap in the literature and sets a new benchmark for
studies of scalar-mediated DM scenarios.

B. Possible higher-dimensional effective operators

The dimension-5 SM gauge invariant operators that
could lead to the interaction given in Eq. (2) between
the SM fermions and S are as follows [64];

Ldim−5 ¼ Lferm þ Lgauge; ð7Þ

with

Lferm ¼ −
C
Λ
½ψ̄Liγ5HψRP� − yf½ψ̄LHψR� þ H:c: ð8Þ

and

Lgauge ¼
C0

Λ
PjDμHj2: ð9Þ

Here, the field P is defined as

P ¼ uþ S1; ð10Þ

with u being the VEVassociated with the P field. With the
given H and P, we expand the above Lagrangian. We note
that the mass term of the fermions receives an additional
contribution ∝ γ5. To remove this γ5 dependent term, we
use the following chiral rotation to the fermionic fields:

ψ → e
iγ5α
2 ψ ; ψL → e−

iα
2ψL; ψR → e

iα
2ψR; ð11Þ

where

tan α ¼ Cuv
yfΛ

: ð12Þ

Using this procedure, we get the interactions between the
fermion fields and the spin-0 scalar as

Lferm ⊃ − CS
s ½ψ̄ψS� − CS

p½ψ̄iγ5ψS�
− Ch1

s ½ψ̄ψh1� − Ch1
p ½ψ̄iγ5ψh1�; ð13Þ

with
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Ch1
s ¼

�
yfffiffiffi
2

p −
Cuα

Λ
ffiffiffi
2

p
�
cos θ þ Cvα

Λ
ffiffiffi
2

p sin θ; Ch1
p ¼

�
Cu

Λ
ffiffiffi
2

p þ yfαffiffiffi
2

p
�
cos θ −

Cv

Λ
ffiffiffi
2

p sin θ;

CS
s ¼

�
yfffiffiffi
2

p −
Cuα

Λ
ffiffiffi
2

p
�
sin θ −

Cvα

Λ
ffiffiffi
2

p cos θ; and CS
p ¼

�
Cu

Λ
ffiffiffi
2

p þ yfαffiffiffi
2

p
�
sin θ −

Cv

Λ
ffiffiffi
2

p cos θ: ð14Þ

In these equations, the angle θ is defined via the following
mixing between S1 and h:

h1 ¼ cos θ h − sin θ S1;

S ¼ sin θ hþ cos θ S1: ð15Þ

Here, h1 and S are the SM scalar and new scalar defined in
their mass basis, respectively. In the above equations, we
have obtained the fields S and h1 from a mixing of S1 and h
with the mixing angle θ. For the details, please see the
discussion in Ref. [64]. We can compare the field Swith the
new spin-0 scalar and h1 as the SM Higgs.
Similarly, after expanding the gauge interaction term in

Eq. (9), we obtain

Lgauge ¼ CS
WW

þμW−
μSþ CS

ZZμZμS; ð16Þ

with

CS
W ¼ 2M2

W

v
sin θ þ C0M2

W

Λ
cos θ and

CS
Z ¼ M2

Z

v
sin θ þ C0MZ2

2Λ
cos θ: ð17Þ

This is the simplest example of a dimension-5 operator
from which we can generate the type of interactions in
which we are interested. There could be more complex
scenarios in which one could generate similar structures,
but that is beyond the scope of this paper.

III. THEORY FRAMEWORK

A. FCNC and FCCC effective vertices

In this section, we will focus on the contributions of our
model in various FCNC and FCCC vertices. It is well
known that FCNC processes are loop-suppressed within the
SM, making them particularly sensitive to potential new
interactions beyond the SM. Observables related to the
neutral-current transition b → sμþμ−, such as the branch-
ing ratios and the angular observables in B → Kð�Þμþμ−
decays, have been measured by LHCb [93–96] and the
Belle collaboration [97]. The measured values of an angular
observable like P0

5 are not in complete agreement with its
SM prediction [98–100]. Furthermore, the measurement of
the branching fraction of the rare Bs → μþμ− decay is also

available [101], which plays an important role in con-
straining the NP parameter spaces.
In contrast, FCCC processes occur at the tree level in the

SM, meaning any contributions from new physics scenarios
would be tightly constrained. Given the current level of
precision, data from these processes can be instrumental in
constraining the parameters of new physics models that
contribute at the loop level [64]. The interactions described
in Eqs. (2) and (3) do not contribute to FCNC and FCCC
processes at the tree level, with effects only arising at the
loop level. These new interactions will alter the FCNC and
FCCC vertices. We will explore these modifications in the
following discussion.

1. FCNC processes

In the SDM considered above, the contribution to the
FCNC processes will be through the one-loop diagrams
shown in Fig. 1 for the di → djS vertex. The contribution
from the above diagrams can be expressed as

LbsS
eff ¼ 2

ffiffiffi
2

p
GFM2

W

16π2
VtdiV

�
tdj

h
C1½djðmdjPL þmdiPRÞdi�

þ C2½djðmdjPL −mdiPRÞdi�
i
S; ð18Þ

where C1 and C2 are the effective coefficients coming from
the loop diagrams. Now, the loop contributions contain
divergences, which is not surprising. The details of this are
discussed in Ref. [64]. With the leading-log approximation,
the dominant contributions in C1 and C2 from the diagrams
in Fig. 1 can be expressed as

C1ðΛÞ ¼
m2

t

2M2
W

�
ð3csÞ log

Λ2

m2
t
þ ð3cGÞ log

Λ2

M2
W

�
;

C2ðΛÞ ¼
m2

t

2M2
W
ðicpÞ log

Λ2

m2
t
: ð19Þ

The detailed calculations of the loops are discussed in [64].

2. FCCC observables

Wewill also have contribution to the FCCC process via a
one-loop penguin diagram along with the counter-term
diagrams. All the relevant diagrams are shown in Fig. 2.
The general contribution considering all the loops will be
given by the following:
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Leff
ui→djW

¼ −
g

2
ffiffiffi
2

p V�
ij½CVLdjγμð1 − γ5Þui

þ CVRd̄jγμð1þ γ5Þui�Wμ: ð20Þ

Here, the impact of new physics arising from loop
corrections is reflected in the coefficients CVL and CVR.
Thus, in the tree-level scenario (purely within the SM),
CVL ¼ 1 and CVR ¼ 0. The expression for CVL and CVR,
diagram-wise, can be found in Ref. [64]. Hence, the total
contributions to CVL and CVR in Eq. (20) could be written
as

CVL ¼ C2b
VL þ C2c

VL þ Ccounter
VL ;

CVR ¼ C2a
VR þ C2b

VR þ C2c
VR: ð21Þ

In the following section, we will discuss the various
observables potentially sensitive to these di → djS tran-
sitions and the new contributions to the FCCC vertices.

IV. IMPLICATIONS ON VARIOUS OBSERVABLES

This section will examine how our model affects various
observables, with new contributions emerging through the
1-loop corrections in FCNC and FCCC vertices discussed
earlier. First, we will address observables associated with
the FCNC and FCCC processes. Furthermore, we will
discuss the impact of our model on the electroweak
observables in separate subsections.

A. Observables related to FCNC processes

1. Neutral meson mixing

The mixing between neutral pseudoscalar mesons is
important for constraining NP models since the data here
are very precise. In our model, the contribution to the
meson mixing amplitude will come from the Feynman
diagram shown in Fig. 3(a). In the last section, we have
shown the di → djS effective vertex calculation. In this
study, we focus on the mediator’s low mass region, where
the mediator’s mass ranges are considered in the GeV and
sub-GeV regions. For decays like P → P0ll, the dilepton
invariant mass square q2 will be in the range
ð2mlÞ2 ≤ q2 ≤ ðMP −MP0 Þ2. So, we cannot Taylor expand
the S propagator in powers of q2

M2
S
. In such cases, we have to

consider the Breit-Wigner (BW) propagator for S which is
given by

(a) (b) (c) (d)

FIG. 1. Feynman diagrams depicting the FCNC vertex correction for the di → djS vertex. In these diagrams, all the internal quarks are
shown only with the top quark. Similar diagrams with charm and up quarks will also contribute.

(a) (b) (c)

(d) (e)

FIG. 2. Feynman diagrams contributing as a correction to ui →
djW vertex and self-energy corrections to the up and down type
quark fields which are relevant for the wave function renorm-
alizations.

(a) (b)

FIG. 3. Feynman diagram contributing to the quark level
processes of neutral meson mixing and b → sll; b → dll,
and s → dll process for this model. The crossed dots represent
the effective di → djS vertex discussed in Sec. III A 1. Similar
diagrams can be drawn for up-quark FCNC processes.
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i
q2 −M2

S þ iΓsMS
: ð22Þ

In this form of the propagator, we get a finite contribution
from the propagator even at the resonance region. This is
because, when q2 ≈M2

S, the leading effects will be from the
imaginary part proportional to the S decay width. The
imaginary part will receive contributions from every
particle into which S can decay. Generally, without full
knowledge of all possible decay channels for S, predicting
its complete decay rate becomes challenging. Since here
the mass of S is in the GeVand sub-GeV ranges, the leading
contribution to decay width comes from decay to leptons,
light quarks, and DM χ. It cannot decay to heavy bosons
like W, Z bosons, and also to the top-quark and Higgs
bosons. For the decay of S to the SM fermions f, the decay
width ΓðS → ff̄Þ is defined as

ΓðS → f̄fÞ ¼ Nc

m2
fMS

8π

�
1 −

4m2
f

M2
S

�
1=2

×

�
ðc2s þ c2pÞ −

4c2sm2
f

M2
S

�
; ð23Þ

where Nc ¼ 3 for decay to quarks and Nc ¼ 1 for decay to
leptons. The decay width of S to the dark fermion pair is
given by

ΓðS → χ̄χÞ ¼ MS

8π

�
1 −

4M2
χ

M2
S

�
1=2

�
ðc2sχ þ c2pχÞ −

4c2sχM2
χ

M2
S

�
:

ð24Þ

In this work, we have considered the contribution of our
model to B0 − B̄0; B0

s − B̄0
s mixings. The contributions of

our model to D0 − D̄0 and K0 − K̄0 mixings are Cabibbo–
Kobayashi–Maskawa (CKM) suppressed. Also, the con-
tributions are loop-suppressed due to the small masses of

the particle running in the loop. The relevant observable
ΔMq0 (with q0 ¼ d, s) is defined as (for the mixing of B0

q0

and B̄0
q0 mesons)

ΔMq0 ¼ 2jMq0
12j; ð25Þ

whereMq0
12 is the amplitude of the mixing process andMBq0

is the mass of the neutral meson.
The frequencies of oscillations ΔMs andΔMd have been

measured by various experimental groups, the averages of
which are given by [102,103]

ΔMs ¼ 17.765� 0.006 ps−1; ð26aÞ

ΔMd ¼ 0.5065� 0.0019 ps−1: ð26bÞ

The predictions in the SM are given by [104]

ΔMSM
s ¼ 2jðMs

12ÞSMj ¼ 18.23� 0.63 ps−1;

ΔMSM
d ¼ 2jðMd

12ÞSMj ¼ 0.535� 0.021 ps−1: ð27Þ

The SM predictions have relatively large errors, and they
are fully consistent with their respective measured values.
Given the error in the estimates, there is still room for NP
effects in these observables.
Taking into account the contributions from BSM phys-

ics, we can write the total oscillation frequency as

ΔMq;tot ¼ 2jMq0;SM
12 þMq0;NP

12 j ¼ ΔMq0;SMjΔq0 j; ð28Þ

with

jΔq0 j ¼
ΔMq;tot

ΔMq0;SM
¼
����1þ Mq0;NP

12

Mq0;SM
12

����: ð29Þ

In our model, the contribution in ðMq0
12ÞNP is given by

Mq0;NP
12 ¼ 4G2

FM
2
WðVtbV�

tq0 Þ2
�

1

16π2

�
2 M2

Bq0

ðmb þmq0 Þ2
M2

Bq0
f2Bq0

ηB
1

q2 −M2
S þ iΓsMS

×
�
−

5

12
B2ðC2

1m
2
q0 þ C2

2m
2
bÞ þ

1

2
B4mbmq0 ðC1C2 þ C2C1Þ

�
: ð30Þ

B2, B4 can be found from [64]. C1, C2 are the loop
contribution given in Eq. (19). In Δq0 , the sources of the

mixing phases in the SM and the BSM scenarios are
identical, which is the CKM matrix, and it cancels.
However, due to the imaginary component of the BW
propagator, Δq0 will have a phase. As we will see later, this
phase will be negligibly small since the total decay width

ΓS will be small due to the small allowed values of cs
and cp.
Using the measured and the SM predicted values ofΔMq,

we have obtained the following allowed values of Δq0 :

jΔdj ¼ 0.9467 � 0.0373; jΔsj ¼ 0.9746 � 0.0337:

ð31Þ
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We have used these two inputs to find the bounds on the
coefficients cs, cp, and cG.

2. Rare decays of mesons

Rare dileptonic decays of neutral pseudoscalar mesons
are important for probing new physics since the rate of
these decays is suppressed in the SM. In this study, we
primarily focus on FCNC processes, like b → sμþμ−,
b → dμþμ−, s → dμþμ−. Examples of such decays include
B0
s → μþμ−; B0 → μþμ−; KL;S → μþμ−. Decay to other

leptons, like electrons and taus, is also possible depending
on the kinematics. For decay to tau, only the upper bound
of the branching ratio is available, whereas for electrons,
the branching ratio for our case will be very suppressed due
to the effect of considering MFV-type coupling. Our model
contributes to these processes via the diagram shown in
Fig. 3(b). Experimental data on the respective branching
ratios are available from various collaborations, including
Belle II, LHCb, ATLAS, and CMS. The following are the
experimental data of the branching ratios [105–107]:

BðB0
s → μþμ−Þ ¼ ð3.09þ0.46þ0.15

−0.43−0.11 Þ × 10−9;

BðB0 → μþμ−Þ ¼ ð0.12þ0.08
−0.07 � 0.01Þ × 10−9;

BðKL → μþμ−Þ ¼ ð6.84� 0.11Þ × 10−9;

BðKS → μþμ−Þ < 2.1 × 10−10: ð32Þ

The SM contribution will be dependent only on C10;
including the QED corrections, the SM predictions are
given as [108]

BðB0
s → μþμ−Þ ¼ ð3.66� 0.14Þ × 10−9; ð33aÞ

BðB0 → μþμ−Þ ¼ ð1.03� 0.05Þ × 10−10: ð33bÞ

Note that these SM predictions are fully consistent with
the respective measurements shown in Eq. (32). The
expression of the branching ratios of the B and K mesons
can be found in our previous work [64]. We have excluded
processes such as c → uμþμ− from our analysis due to
CKM factor suppression of the new physics amplitude and

the masses of loop particles, as mentioned previously.
Furthermore, we have the available data in the processes
related to b → sll transitions. Plenty of data are available
in B → Kμþμ−, B → K�μþμ−, and Bs → ϕμþμ− decays;
for example, see Refs. [96,97,109–112]. We have utilized
all these data to constrain the new couplings. The detailed
methodology and inputs of this global analysis can be seen
in our earlier publications [64,99,113].
The low energy effective Hamiltonian describing the

b → slþl− transitions is [114,115]

Heff ¼ −
4GFffiffiffi

2
p VtbV�

ts

�X6
i¼1

CiðμÞOiðμÞ

þ
X

i¼7;8;9;10;P;S

ðCiðμÞOi þ C0
iðμÞO0

iÞ
�
; ð34Þ

The parameters, operators, and Wilson coefficients are
described in the above references.
As previously discussed, the contribution to b → slþl−

processes in our model arises from the diagrams shown in
Fig. 3(b), where di is replaced by b and dj by s. The
amplitude of these diagrams depends on the effective
b → sS vertex defined earlier and the lepton vertex factor,
which is determined through the interaction

Lint
llS ¼ −mllðcs þ icpγ5Þl: ð35Þ

To estimate the NP contributions in b → slþl− decays, we
need to use Eqs. (18) and (35), respectively. The contri-
bution we obtain from the diagram of Fig. 3(b):

HNP
eff ¼

g2V�
tsVtb

32π2
ðC1½s̄ðmsPL þmbPRÞb�

þ C2½s̄ðmsPL −mbPRÞb�Þ
×

ml

q2 −M2
S þ iΓsMS

ðcs½ll� þ icp½lγ5l�Þ: ð36Þ

With a direct comparison of this equation with the most
general effective Hamiltonian given in Eq. (34), we will get

C0
S ¼

M2
Wmlms

e2mb

csðC1ðΛÞ þ C2ðΛÞÞ
q2 −M2

S þ iΓsMS
; CS ¼

M2
Wml

e2
csðC1ðΛÞ − C2ðΛÞÞ
q2 −M2

S þ iΓsMS
;

C0
P ¼ M2

Wmlms

e2mb

ðicpÞðC1ðΛÞ þ C2ðΛÞÞ
q2 −M2

S þ iΓsMS
; CP ¼ M2

Wml

e2
ðicpÞðC1ðΛÞ − C2ðΛÞÞ
q2 −M2

S þ iΓsMS
: ð37Þ

Therefore, in our working model, the contributions in b →
slþl− will be via the four operators OS;P and O0

S;P. Note
that all these four operators will contribute to the rates of

B → Kð�Þμþμ− and Bs → ϕμþμ− decays. In the next
section, we will discuss the constraints from a global
analysis of all the data available in b → sμþμ− processes.
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3. Fixed-target experiment

Light spin-0 particles can be produced in fixed-target
experiments directly (through gluon fusion) and indirectly
(from meson decays). Several proton beam-dump experi-
ments, such as CHARM [116], NuCal [117], and E613
[118], have provided relevant constraints on such scenarios.
In this work, we focus on the bounds from CHARM and
consider production via meson decays. This spin-0 particle
can be produced from either a K meson or a B meson
(production from D meson decays is not considered here
due to CKM and loop particle mass suppression). The
production cross section of the spin-0 particle is given by

σS ∼ σppMpp

�
1

14
BðKþ → πþ þ SÞ þ 1

28
BðKL → π0 þ SÞ

þ 3× 10−8BðB→ Xþ SÞ
�
: ð38Þ

The expressions for branching ratios are given in the
previous discussion in Eq. (59a). Here, the proton-proton
cross section is given by σpp ≃ 40 mbarn and the average
hadron multiplicity Mpp ¼ 13, for the CNGS beam. We
can normalize the cross section to the neutral pion yield by
using σπ0 ≈ σppMpp=3 [38]. Note that, in the above
equation, X represents a hadronic resonance, and in our
case the dominating contribution will be X ¼ K. In the
mass range MS ≤ ðMK −MπÞ ∼ 0.36 GeV, production
from kaon decays dominates. For the 0.36 GeV ≤ MS ≤
MB −MK mass range, decays dominate from the B meson.
When the spin-0 particle is produced from KL, Kþ, and B
mesons and decays into eþe−; μþμ− and γγ, then the
constraint from CHARM is important. Originally,
CHARM had not detected any event. So, we have taken
a bound at the 90% confidence level of Ndet < 2.3
events [119].

The number of spin-0 particles produced in the detector
solid angle is expressed as NS ≈ 2.9 × 1017 σS

σπ0
[120]. The

number of events in the detector region is

Ndet ∼ NS

�
exp

�
−L1

γβcτS

�
− exp

�
−L2

γβcτS

��

×
X

X¼e;μ;γ

BrðS → XXÞ: ð39Þ

Here, L1 ¼ 480m, the distance of the detector from the
beam dump, and the difference L2 − L1 ¼ 35m is the
detector’s length. The typical relativistic factor is
γβc ¼ 10

MS
, and the lifetime of S is given by τS ¼ 1

ΓS
. The

expressions for branching ratios of S are given in the
previous discussion in Eqs. (23) and (24). The allowed
parameter space for this case will be discussed in the next
section.

4. Invisible decays of mesons

Recently, the Belle II collaboration has provided data on
the branching ratio of the decay Bþ → Kþνν̄, which has
2.7σ discrepancies with the SM. This significance was
obtained under the assumption of heavy NP [51]. Similarly,
data or upper bounds are available on a few other invisible
decay channels like B → Kð�Þνν̄; B → ρνν̄; K → πνν̄. We
present the available data or the upper limits on the
respective channels in Table I.
Decays like B → Kνν̄; K → πνν̄, which contain neutri-

nos as final state particles, are treated as invisible decays in
the SM since they are not detectable, and experimental
bounds come from treating them as missing energy. So,
instead of ν, if we have any other long-lived particle, we
will have the same experimental signature. It is to be noted
that nonstandard interactions of neutrinos may also con-
tribute to the above rare decays or to any other missing
energy signal. However, this work will consider the missing

TABLE I. Updated SM predictions and measured values or upper limit on the branching ratios of the invisible
decays of B and K mesons.

Branching ratio SM value Experimental value

Bþ → Kþνν̄ ðð5.06� 0.14� 0.28ÞÞ × 10−6 [121] ð2.3� 0.5þ0.5
−0.4Þ × 10−5 [51]

B0 → K0
Sνν̄ ð2.05� 0.07� 0.12Þ × 10−6 [121] < 1.3 × 10−5 [55]

Bþ → K�þνν̄ ðð10.86� 1.30� 0.59ÞÞ × 10−6 [121] < 6.1 × 10−5 [55]

B0 → K�0νν̄ ð9.05� 1.25� 0.55Þ × 10−6 [121] ð3.8þ2.9
−2.6Þ × 10−5 [57] < 1.8 × 10−5 [55]

Bþ → πþνν̄ ð1.57� 0.44Þ × 10−7 [122] < 1.4 × 10−5 [55]

B0 → π0νν̄ ð0.73� 0.21Þ × 10−7 [122] < 0.9 × 10−5 [55]

Bþ → ρþνν̄ ð3.92� 0.79Þ × 10−7 [122] < 3 × 10−5 [55]

B0 → ρ0νν̄ ð1.82� 0.31Þ × 10−7 [122] < 4 × 10−5 [55]

Kþ → πþνν̄ ð8.60� 0.42Þ × 10−11 [123] ð1.06þ0.40
−0.34 � 0.09Þ × 10−10 [124]

KL → π0νν̄ ð2.94� 0.15Þ × 10−11 [123] < 2.2 × 10−9 [125]
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energy signals via the DM in the final state of the rare
decays mentioned above. We have not considered the
coupling of the SM neutrino with the mediator, as they
are generally massless in the SM. We consider SDM with a
spin-0 mediator S and the fermionic DM χ. Therefore,
depending on the kinematics (masses of the DM and the
mediator), the additional contributions from the SDM to the
rare FCNC processes will be either via the three body di →
djχχ̄ (di=j down type quarks) transitions or via the two body
di → djS decays, with S being an undetected particle.
Inputs are available for the branching ratios of the decays

KðþÞ
L → π0ðþÞS [56,124] and for B → KS [126]. So the

signature of the decay P → P0χχ̄ will have a similar
experimental signature as P → P0νν̄. Here P and P0 stand
for pseudoscalar or vector mesons. DM χ will have a mass
in the kinematically allowed region: Mχ ≤

MP−MP0
2

. Several
NP scenarios in the context of scalar and pseudoscalar
mediators have been studied recently and can be found in
[126–136].
The measured branching fraction of P → P0νν̄ decay can

be expressed as

Br½P → P0νν̄�Exp ¼ Br½P → P0νν̄�SM
þ Br½P → P0 þ χχ̄�NP: ð40Þ

Here, the NP and SM contributions will be added in the
decay width order, as the available phase space for these
two decays is different.
Apart from the P → P0χχ̄ three-body decay, the analysis

of P → P0νν̄ decays is potentially sensitive to the process
P → P0 þ S. Here, S is our spin-0 mediator and has mass in
the region MS ≤ ðMP −MP0 Þ. Therefore, S can be pro-
duced on-shell and can decay almost entirely to a pair of
DM particles. In that case, the experimental measurement
of invisible decay can be seen as

Br½P → P0νν̄�Exp ¼ Br½P → P0νν̄�SM
þ Br½P → P0 þ S�: ð41Þ

So, the kind of decay we get will actually depend on
whether the mediator can be produced on-shell or not. If it
can be produced off-shell, then we get the signature of the
P → P0χ̄χ three-body decay. However, if it is on-shell, then
this decay can be considered as P → P0Sð→ χχ̄Þ. The Belle
II experimental data on B → Kνν̄ is provided under the
assumption of a heavy new particle, which will be accurate
for the first scenario. Below, we will discuss both types of
decay and their branching ratio in this simplified model.
Decay via virtual mediator S: First, we discuss the three-

body decay P → P0χ̄χ where the spin-0 mediator S will be
an off-shell propagator. A representative Feynman diagram
of such a process is shown in Fig. 4(a). For the decay of a B
meson (both charged and neutral), the underlying quark
interaction process is b → sðdÞχ̄χ, and the same for a K

meson is s → dχχ̄. For the decay P → P0χχ̄ to be kine-
matically allowed, we will have the bound on the fermionic
DM mass: 2mχ ≤ ðMP −MP0 Þ.
For the decay B → Kχχ̄, the amplitude will be calculated

from the diagram of Fig. 4(a) which is given by

M ¼ g2VtbV�
ts

32π2
ðC1ðΛÞðmb þmsÞ þ C2ðΛÞðmb −msÞÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðM2
B=2 −M2

SÞ2 þ Γ2
SM

2
S

p
× hKjs̄bjBiðχ̄ðcsχ þ icpχγ5ÞχÞ;

¼ ðCL þ CRÞhKjs̄bjBiðχ̄ðcsχ þ icpχγ5ÞχÞ; ð42Þ

with

CL ¼ g2V�
tsVtbðmb þmsÞ

32π2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

B=2 −M2
SÞ2 þ Γ2

SM
2
S

p C1ðΛÞ;

CR ¼ g2V�
tsVtbðmb −msÞ

32π2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

B=2 −M2
SÞ2 þ Γ2

SM
2
S

p C2ðΛÞ: ð43Þ

Here, C1 and C2 are the effective vertex factors for the
b → sS vertex, given in Sec. III A 1. The B → K transition
matrix element is defined via the QCD form factor f0ðq2Þ:

hKjs̄bjBi ¼ M2
B −M2

K

mb −ms
f0ðq2Þ: ð44Þ

Similarly, we can express the amplitude of B → K�χχ̄
decay using the QCD form factors and CL and CR.
The differential decay rate distribution for B → Kð�Þχχ̄

decay can be expressed as

dΓB→Kð�Þχχ̄

dq2
¼ 1

32M3
B

1

ð2πÞ3
λ1=2ðM2

χ ;M2
χ ; q2Þ

q2
λ1=2

× ðM2
B;M

2
K� ; q2ÞjMB→Kð�Þχχ̄ j2; ð45Þ

with

(a) (b)

FIG. 4. (a) Feynman diagram contributing to the three body
P → P0χ̄χ decays. The crossed dot denotes the effective vertex
coming from the 1-loop correction. (b) Feynman diagram
contributing to the invisible decay process P → P0SðS → χ̄χÞ
via on-shell S.
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jMB→K�χχ̄ðq2Þj2 ¼
ðCR − CLÞ2
ðmb þmsÞ2

λðM2
B;M

2
Kð�Þ ; q2ÞA2

0ðq2Þ

× ½2q2ðc2sχ þ c2pχÞ − 8c2sχM2
χ �; ð46aÞ

jMB→Kχχ̄ðq2Þj2 ¼ ðCL þ CRÞ2
ðM2

B −M2
KÞ2

ðmb −msÞ2
f20ðq2Þ

× ½2q2ðc2sχ þ c2pχÞ − 8c2sχM2
χ �: ð46bÞ

Here, A0 is the vector form factor defined as

hK�ðp; ηÞjs̄γ5bjB̄ðpBÞi ¼
�
2MK� ðη�:qÞ
iðms þmbÞ

�
A0ðq2Þ: ð47Þ

The form factors f0ðq2Þ; A0ðq2Þ are discussed in detail in
the next section. The Kallen function λ can be given by

λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ab − 2ac − 2bc: ð48Þ

The branching ratios depend on the couplings cs, cp, and
cG via C1 and C2. Furthermore, these rates are sensitive to
the coupling of DM-mediator interaction csχ , cpχ along
with the DM mass, which has to be in the region
mentioned above.
In order to obtain the decay rate distributions or the

branching fractions, we need knowledge of the q2 shapes
of the associated form factors (FF). For the B → K
process, the knowledge of f0ðq2Þ is required. Also, the
symmetry relation among the matrix elements can be
written as

hKSjb̄γμsjB0i¼−hKSjs̄γμbjB̄0i¼ 1ffiffiffi
2

p hKþjs̄γμbjB̄þi: ð49Þ

In Bourreley-Caprini-Lellouch (BCL), parametrization,
the form factor(s) can be written as [137,138]

f0ðq2Þ ¼
L

1 − q2

M2
H�
s0

XN−1

n¼0

a0nzn: ð50Þ

This uses a mapping of q2 to z so that the physical q2

range 0 ≤ q2 ≤ ðMB −MKÞ2 is mapped to a region of
unit circle in z:

zðq2; tÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð51Þ

with tþ ¼ ðMB þMKÞ2. Here t0 ¼ 0 is set [138]. Here,
M2

H�
s0
¼ MB þ Δ, with Δ ¼ 0.45 GeV. Expanding up to

N ¼ 3, fit results of the expansion coefficients and

correlation among them are given in [138]. The coef-
ficients are given by:

B → K

a00 0.2545(90)
a01 0.210(76)
a02 0.02(17)

The form factor(s) of B → K� is obtained as

hK�ðp; ηÞjs̄γ5bjB̄ðpBÞi ¼
�
2MK� ðη�:qÞ
iðms þmbÞ

�
A0ðq2Þ: ð52Þ

Using a simplified series expansion, we have written the
respective form factor(s) as [139]

FðtÞ ¼ 1

PðtÞ ½a0ð1þ c01Δxþ c01sΔxsÞ þ a1z�; ð53Þ

where z has the same expression as in Eq. (51) and is
written as zðt; t0Þ, with t� ¼ ðMB �MK� Þ2, and q2 ¼ t.
The pole factor is given as

Pðt;ΔmÞ ¼ 1 −
t

ðMB þ ΔmÞ2 : ð54Þ

We also have

Δx ¼ M2
π −m2

π;phys

ð4πfπÞ2
; ð55aÞ

Δxs ¼
ðM2

ηs −M2
ηs;phys

Þ
ð4πfπÞ2

: ð55bÞ

Here, fπ¼ 132 MeV is used. Masses of the pseudoscalar
and the physical masses are available in Ref. [139]. The
values of the coefficients a0; a1; c01; c01s are also taken
from [139].
For B → ρ form factor(s) can be written in simplified

series expansion (SSE) [98]:

Fðq2Þ ¼ Pðq2Þ
X
k

ak½zðq2Þ − zð0Þ�k; ð56Þ

with Pðq2Þ ¼ ð1 − q2=M2
R;iÞ−1, is a simple pole corre-

sponding to the first resonance in the spectrum. For this
case, MR;i¼ 5.279 GeV. The value of the coefficients ai
can be found from [98]. Furthermore, we have taken the
inputs on B → π form factor(s) from [140]. To obtain the
K → π form factor, we have used the analysis given in
Ref. [141].
In the numerical analyses, for the three body decays

P → P0χχ̄, we have determined the allowed values of
the branching ratios BðP → P0χχ̄ÞNP from the differences
of the respective measured and the SM predicted values,
such as
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BðP→P0χχ̄ÞNP¼BðP→P0νν̄ÞExp−BðP→P0νν̄ÞSM: ð57Þ
The respective values of BðP → P0νν̄ÞSM and BðP →
P0νν̄ÞExp are given in Table I. Using these inputs, we have
obtained the respective values of BðP → P0χχ̄ÞNP which we
have used further to constrain the new parameters of our
simplified model.
Decay via resonance S: We have mentioned that the

analysis of P → P0νν̄ could be sensitive to the on-shell
production of the new light boson S through the decay
P → P0 þ Sð→ χ̄χÞ. The experimental upper limit of such
processes is available for a few channels of B and K
mesons. Technically, the bound shall depend on the lifetime
of the particle S. Hence, the branching ratio will be a
function of the mass of S. The upper limit on branching
ratios BðKþ → πþ þ SÞ and BðKL → π0 þ SÞ as a function
of the mass of the invisible particle is given by KOTO [142]
and Na62 [124], respectively. For B → K þ S decay, the
branching ratio is provided by the experiment CLEO [143],
and their result is valid only for the case when MS ¼ 0.
In Ref. [126], the authors reinterpreted the B → Kð�Þνν̄

measurement as a search for the two-body B → Kð�ÞS
decay with the assumption that the undetected particle S is
stable (approximately) or decays invisibly. They used the
differential distributions of the B0;þ → K0;þνν̄ measure-
ments of Belle II [51] and BABAR [57] and fitted the NP
signal to reconstruct the data by modeling the resonance S
with a Gaussian distribution. They repeated this exercise
for B → K�νν̄ measurement by BABAR [57]. Finally, have
obtained a MS dependent limit on the branching fractions
BðB → KSÞ and BðB → K�SÞ, respectively. They have
given 1σ and 2σ errors with the best-fit value of the
branching ratios, depending on the mass of S. We used
these results to constrain the SDM parameters. Depending
on whether we take the 1σ or 2σ error of the branching
ratio, we get very different bounds on the parameter space
while considering the decay with other constraints, which
will be discussed in the next section. So, we will analyze by
considering both 1σ and 2σ errors of this decay. They have
provided the branching ratio for MS ≤ 3 GeV. We will
show later that these invisible channels greatly impact the
parameter space. We will divide the parameter space into
two regions, viz., MS ≤ 3 and MS > 3 GeV.
Allowing the mediator to decay to the dark fermion pair,

we get the invisible signature from the decay P → P0χχ̄.
The branching ratio can be written as

BðP → P0χχ̄Þ ¼ BðP → P0SÞ × BðS → χ̄χÞ: ð58Þ
Here, P0 could be either a pseudoscalar or a vector meson
with the following branching fractions:

BðP → MSÞ ¼ τP
16πM3

P
λ1=2ðM2

P;M
2
M;M

2
SÞ

× jMP→MSðM2
SÞj2; ð59aÞ

BðP → VSÞ ¼ τP
16πM3

P
λ1=2ðM2

P;M
2
V;M

2
SÞ

× jMP→VSðM2
SÞj2; ð59bÞ

where M is a pseudoscalar and V is a vector meson. In our
case, the amplitudes take the following forms:

jMP→MSðq2Þj ¼ ðC0
R þ C0

LÞ
�
M2

P −M2
M

mdi −mdj

�
f0ðq2Þ; ð60aÞ

jMP→VSðq2Þj ¼ ðC0
R − C0

LÞ
λ1=2ðM2

P;M
2
V; q

2Þ
ðmdi þmdjÞ

A0ðq2Þ;

ð60bÞ
where

C0
L ¼ g2V�

tsVtbðmb þmsÞ
32π2

C1ðΛÞ;

C0
R ¼ g2V�

tsVtbðmb −msÞ
32π2

C2ðΛÞ: ð61Þ

Here,

BðS → χχ̄Þ ¼ ΓðS → χχ̄Þ
ΓðS → χχ̄Þ þ ΓðS → ff̄ÞSM

: ð62Þ

ΓðS → ff̄ÞSM denotes the sum of the decay width of S to all
the possible SM fermions. The expression of the decay
widths of mediator S to ff̄ and to χχ̄ are given in Eqs. (23)
and (24), respectively.

B. FCCC observables

In Sec. IV B, we discussed how our model influences the
effective vertices of FCCC. These corrections are signifi-
cant for processes where the SM contribution arises from
tree-level diagrams, such as semileptonic and leptonic
decays involving B, Bs, and K mesons. As we will see
later, for low mediator mass, the constraints from FCCC
processes are relaxed as compared to the rare FCNC and
invisible decays. So here, we will just name the possible
observables to which this simplified model can contribute.
The detailed discussion can be found in [64].

1. Anomalous couplings of tbW vertex

The general Lagrangian for t → bW−
μ decay is given by

[144,145]

LtWb ¼ −
gffiffiffi
2

p b̄γμðVLPL þ VRPRÞtW−
μ

−
gffiffiffi
2

p b̄
iσμνqν
MW

ðgLPL þ gRPRÞtW−
μ þ H:c: ð63Þ

VLðRÞ; gLðRÞ are known as the anomalous couplings. In SM,
we have VL ¼ V�

tb and VR; gL; gR ¼ 0. The experimental
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constraints on these couplings are provided by ATLAS
[146] and CMS [144,145,147], as given in Table 3 of
Ref. [64]. In this model, we get,

VR ¼ V�
tbCVR;

VL ¼ V�
tbð1þ CVLÞ: ð64Þ

CVLðRÞ are shown in Eq. (20). The contributions to gL and
gR will be negligibly small compared to VR or VL, and
hence, we ignored that.

2. Semileptonic and leptonic decays of mesons

The corrections to the SM charged-current vertices will
affect the semileptonic and leptonic decays of B, Bs, K, D,
and Ds mesons. The most general Hamiltonian that con-
tains all possible four-fermion operators of lowest dimen-
sion for dj → uilν̄ can be written as

Heff ¼
4GFffiffiffi

2
p Vuidj ½ð1þ CVLÞOVL þ CVROVR�: ð65Þ

The four-fermion operators are given by

OVL ¼ ðūiLγμdjLÞðlLγμνlLÞ;
OVR ¼ ðūiRγμdjRÞðlLγμνlLÞ: ð66Þ

For a detailed discussion, please refer to [64]. The con-
tribution of NP to the branching ratio of the decays
P → Mlν and P → lν can be considered as the modifi-
cation of the CKM matrix elements: jV 0

uidj
j ¼ jVuidj

ð1þ CVL � CVRÞj. From the experimental data, CKM
elements can be extracted; i.e., NP can be constrained
[148]. Since, for the low mass of the mediator, FCCC
constraints will not play a vital role, and we will skip that
part here.

C. Electroweak precision observables

The precise measurements of EWPOs at the W and Z
poles allow us to impose constraints on new physics
scenarios. This is achieved by analyzing how new physics
contributions at the loop level affect these electroweak
observables. Here, we will just summarize the observables
we have taken. A detailed discussion of the loop contri-
bution and observables is given in Ref. [64].

1. Oblique parameters

The most general expression for the gauge boson
ðV ¼ W or Z) self-energy can be written as

ΣVðq2Þ ¼
�
gμν −

qμqν

q2

�
ΣV;Tðq2Þ þ

qμqν

q2
ΣV;Lðq2Þ: ð67Þ

The transverse component of the self-energy correction
(ΣV;T) contributes to the oblique parameters S, T, U.

Another important observable, Δρ, is the deviation in
the ratio of charge and neutral current [for a detailed
discussion, please check Ref. [64] ]. The dependency of the
oblique parameters on the self-energy correction of the
vector bosons can be found from [64,103]. Now, one of the
main observables in EWPO is the mass of the W boson
MW . Different experimental collaborations give the meas-
urement of MW such as LHCb [149], ATLAS [150], D0
[151], CDF [152], and CMS [153]. Although most of the
data agree with the SM prediction within 1σ error, the CDF
data [152] have a deviation of ∼7σ from the SM prediction.
The mass of the W boson can be written as

M2
W

�
1 −

M2
W

M2
Z

�
¼ παemffiffiffi

2
p

GF

1

1 − Δr
: ð68Þ

In the oblique approximation, the NP contributions in Δr
can be expressed in terms of the ½S; T;U� parameters via the
equation

Δr ¼ αem
s2W

�
−
1

2
ΔSþ c2WΔT þ c2W − s2W

4s2W
ΔU

�
: ð69Þ

In this work, we have taken the observable as δðΔrÞ, which
can be calculated from the experimental and SM data of
MW and is defined as

δðΔrÞ ¼ ðΔrÞexp − ðΔrÞSM: ð70Þ

In our analysis, we have presented results based on all the
above-mentioned data, excluding the CDF measurement.
While compiling constraints on the W boson mass, we have
chosen not to include the recent measurement reported by
the CDF collaboration, which exhibits a significant deviation
from the SM prediction and from other experimental results.
This decision is motivated by the fact that the CDF result
stands as a clear statistical outlier, with a central value that is
in strong tension with global electroweak fits and with
measurements from ATLAS, CMS, and LHCb.
Given the absence of corroborating evidence and the

potential for unresolved systematic uncertainties, we do not
find a compelling reason to treat this measurement on equal
footing with the broader, more consistent body of data. In
the absence of independent confirmation, incorporating the
CDF value would disproportionately skew the global fit
and potentially bias the interpretation of new physics
scenarios which may be misleading. Until further exper-
imental validation is available, we adopt a conservative
approach by relying on the more robust and mutually
consistent set of W boson mass measurements.
We emphasize that the exclusion of the CDFWbosonmass

measurement from our analysis should not be interpreted as a
reason to question the validity or significance of our results.
Our decision is based on a conservative andmethodologically
consistent approach, aiming to avoid the undue influence of a
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single, currently unconfirmed outlier on the global parameter
space. As discussed, the CDF result remains in significant
tension with other high-precision measurements and lacks
independent experimental verification.
Furthermore, for readers or reviewers interested in

understanding the potential implications of including this
measurement on the parameter space—particularly in the
higher mass regions ofMS andMχ , this information can be
found in our earlier analysis presented in Ref. [64]. There,
we explored the implications of incorporating this meas-
urement and discussed its impact on the viable regions of
the model parameter space.

2. Z pole observables

This model will contribute to the decay of the Z boson
via a penguin loop diagram; the corresponding diagrams
can be found in Fig. 9 of [64]. Z bosons interact with the
SM fermions via vector and axial couplings. After inserting
the loop diagrams, the couplings will be modified:

gaf → af þ ΔaNPf ;

gvf → vf þ ΔvNPf : ð71Þ

LEP [154] and SLAC [155] measured various branching
ratios to have better control over systematic uncertainties.
These measurements include different observables related
to this process, commonly referred to as the Z-pole
observables, which have been determined with fairly good
accuracy [105]. Among these observables, we have focused
on the following decay rate ratios [156,157]:

Rl ¼ Γhad

Γl
; Rc ¼

Γc

Γhad
; Rb ¼

Γb

Γhad
: ð72Þ

We have Γhad ¼ Γu þ Γd þ Γs þ Γc þ Γb. The expression
in terms of our model parameters is given in Sec. 3 of [64].
The SM values are given below [105,158]:

RSM
e ¼ 20.736� 0.010; RSM

μ ¼ 20.736� 0.010; RSM
τ ¼ 20.781� 0.010;

RSM
b ¼ 0.21582� 0.00002; RSM

c ¼ 0.17221� 0.00003: ð73Þ

The experimental values corresponding to these observ-
ables can be found in [105], and also in Table IV. We also
have considered asymmetry observables like Aτ, Aμ, Ae,
Ab, and Ac with value:

Af ¼ 2
gafgvf

g2af þ g2vf
: ð74Þ

More details on these are discussed in [64].

D. Electric and magnetic dipole moments

Dipole moments, both electric and magnetic, as well as
their chromo counterparts for quarks, serve as powerful
probes of physics BSM. The anomalous magnetic moment
of the muon shows a 4.2σ discrepancy from the SM
prediction [159]. However, the very recent experiment
and SM predictions are consistent within 1σ [160,161],
which helps to constrain any NP contributing to that sector.
Also, recent measurements of the electron magnetic
moment [162–164] also indicate possible deviations.
These tensions suggest the presence of contributions from
new particles or interactions. Electric dipole moments
(EDMs), in contrast, are predicted to be extremely small
within the SM, many orders of magnitude below current
experimental sensitivities. This makes them especially
promising observables for detecting CP-violating effects
from BSM physics. In our scenario involving a spin-0
mediator, there are additional contributions to the dipole
moments of fermions. The corresponding Feynman

diagrams are shown in Fig. 5. To calculate the electric
and magnetic dipole moments, the corresponding general
effective Lagrangian can be written as [165]

LEDM;MDM ¼ μMf
2

f̄σμνfFμν þ
μEf
2
f̄iσμνγ5fFμν: ð75Þ

From the above effective Lagrangian, the anomalous
magnetic dipole moment (MDM) ai is given by [165]

af ¼
2mf

e
μMf : ð76Þ

(a) (b)

FIG. 5. Feynman diagram contributing to dipole moments of
quarks and leptons. The diagram in Fig. 5(a) contributes to the
electric and magnetic dipole moments of both leptons and quarks.
The diagram in Fig. 5(b) contributes to the chromo-electric and
chromo-magnetic dipole moments and is only applicable for
quarks.
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The electric dipole moment is given by: μEf . The exper-
imental value of the anomalous magnetic moment of the
muon is positive [159], while for the electron, different
experiments report different signs for ae [162–164]. In our
model, the scalar coupling (cs) leads to a positive con-
tribution to the anomalous magnetic moment, whereas the
pseudoscalar coupling (cp) yields a negative contribution.
Among the EDMs of the leptons, the electron EDM

currently provides the most stringent experimental con-
straint. For the top quark, no direct measurements of the
EDM andMDM exist. The indirect bounds are summarized
in Table II, along with other relevant observables, their SM
predictions, and experimental limits. In our analysis, we
will later demonstrate that only the electron EDM plays a
significant role in constraining the parameter space.
Additionally, we obtain contributions to the chromo-

magnetic dipole moment (cMDM) and chromo-electric
dipole moment (cEDM) for quarks through the diagram
shown on the right panel of Fig. 5. These effects can be
described by a general effective Lagrangian of the form [183]

LcMDM;cEDM¼gs

�
i
d̂q
2mq

q̄σμνγ5TaqGa
μνþ

μ̂q
2mq

q̄σμνTaqGa
μν

�
:

ð77Þ

In this parametrization, d̂q and μ̂q are dimensionless coef-
ficients that encode the strength of the cEDM and cMDM,
respectively. The operators are suppressed by the quark mass
mq, as expected for dipole-type interactions. The physical
chromo-electric and chromo-magnetic dipole moments are
then defined as

dq ¼
gsd̂q
mq

; ð78Þ

μq ¼
gsμ̂q
mq

: ð79Þ

This Lagrangian is written in such a form because exper-
imental and theoretical studies often express bounds in terms
of the dimensionless parameters d̂q and μ̂q. The correspond-
ing values from experiments, along with their SM predic-
tions, are listed in Table II. For the top-quark EDM, we have
given the indirect upper bound. The bound or constraint on
the top EDM is derived in the framework of effective
operators. The value listed in Table II is at the scale
Λ ¼ 1 TeV. The prediction at Λ ¼ 10 TeV is also available
in literature and gives a bound almost one order smaller
[184]. The (c)EDMs are particularly important observables
for our case, since to get a nonzero contribution to the
(chromo-)electric, we need both couplings cs and cp to be
nonzero. At the hadronic level, quark-level interactions lead
to observable effects such as the neutron EDM. The main
contributions to the neutron EDM come from short-range
QCD interactions involving quark EDMs and cEDMs [185]:

dn ¼ −
vffiffiffi
2

p
h
βuGn du þ βdGn dd þ βsGn ds þ βuγn μEu

þ βdγn μEd þ βsγn μEs
i
: ð80Þ

Here, βðkÞi are the hadronic matrix elements. The values
are given by [186–188]: βdGn ≈ 8þ10

−6 × 10−4efm;− vffiffi
2

p βuγn ≈

−0.233ð28Þ;− vffiffi
2

p βdγn ≈ 0.776ð66Þ;− vffiffi
2

p βsγn ≈ 0.008ð9Þ.

1. One-loop contributions in EDMs

As shown in Fig. 5, the dipole moment receives con-
tributions through a triangular loop correction in our
scenario. Additionally, the process f → fγðgÞ can also
receive corrections from the external fermion legs, which
enter through wave function renormalization. However,
since only tensor-type operators contribute to the dipole
moments, these external leg corrections do not affect the
dipole moment itself. The loop contributions to the EDM
can be written as

TABLE II. SM Predictions and experimental values (upper limits) of (c)EDMs and (c)MDMs of a few SM
fermions and neutrons.

Observables SM values Experimental values

ae 1159652180.252ð95Þ × 10−12 [162] 1159652180.73ð28Þ × 10−12 [163]
aμ 116592033ð62Þ × 10−11 [161] 1166592071.5ð14.5Þ × 10−11 [160]
aτ 1.17721ð5Þ × 10−3 [166] −0.057 < aτ < 0.024 [167]
at 0.02 [168] < 0.16 [169]

jμEe j ≲1.0 × 10−35 e-cm [170] < 4.1 × 10−30 e-cm [171]
μEμ ∼1.4 × 10−38 e-cm [172] < 1.9 × 10−19 e-cm [173]
μEτ ∼ − 7.3 × 10−38 e-cm [172] < 1.0 × 10−17 e-cm [174]
μEt < 10−30 e-cm [175] < 5 × 10−20 e-cm [176]

jdnj ∼10−32 e-cm [177] < 1.8 × 10−26 e-cm [178]
μt 3.39 × 10−18gs-cm [179,180] 2.73ð1.93Þ × 10−18gs-cm [181]
dt ∼10−30gs-cm [175] < 1.71 × 10−18gs-cm [182,183]
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μEf ¼ cpcseQfMS

16π2xð1 − 4x2Þ
�
ð1 − 4x2Þð2x2 þ log x2Þ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p
ð1 − 2x2Þ log

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p

2x

��
: ð81Þ

The loop contributions to the MDM can be written as

μMf ¼ eQfMSð1 − 4x2Þ
32π2x3

�
c2sðx2ð2 − 3x2Þ þ ð1 − 3x2Þ logðx2Þ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p
ð5x2 − 1 − 4x4Þ log

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p

2x

��

þ c2p

�
x2ð2þ x2Þ þ ð1 − x2Þ logðx2Þ þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p
ð3x2 − 1Þ log

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4x2

p

2x

���
; ð82Þ

with x ¼ mf=MS.

μ̂q ¼
mqgs
eQf

μMf ; ð83Þ

d̂q ¼
mqgs
eQf

μEf : ð84Þ

2. Two-loop level contributions in EDMs

In our working scenario, in addition to the one-loop
contributions to the EDMs, we will also obtain non-
negligible two-loop contributions to the lepton and quark
EDMs. We will get these two-loop level contributions via
the diagrams shown in Fig. 6. All these diagrams have
non-negligible contributions to the EDM. The first figures
in the first and third panels are of the Barr-Zee type
diagrams and dominantly contribute to the (c)EDM.
Among these diagrams, the first, with the top quark in
the loop, will dominate. The diagram-wise contributions
to the EDM can be found in Ref. [189]. All three
couplings related to the SM and the spin-0 mediator, cs,
cp, and cG, will contribute to the EDM. Since our
mediator interacts with a very heavy quark, such as
the top one, these two-loop contributions will be dom-
inant. Very stringent constraints on the parameter space
can be derived from the experimental upper limit on the
electron EDM. The EDM constraints of other particles
are not as strong as those of the electron. In the later
sections, we will discuss the constraints from the avail-
able inputs on EDMs and cEDMs.

E. Cosmological constraints

Apart from the constraints coming from flavor physics
and the W and Z pole observables, we have also studied
cosmological constraints. Below, we discuss constraints
coming from big bang nucleosynthesis and the condition of
thermal equilibrium, which sets a lower limit on the
couplings in parameter space.

1. Big bang nucleosynthesis

If the dominant annihilation of the DM particles is into
spin-0 particles, these particles need to decay rapidly
enough before big bang nucleosynthesis (BBN) to pre-
vent changes in the expansion rate and the entropy
density during BBN or the destruction of certain ele-
ments. Being long-lived, the spin-0 particle S may affect
the Universe’s early history. If S had been in thermal
equilibrium and decayed around or later than about a
second after the big bang, the produced particles would
affect BBN [190,191]. Although calculating precise
constraints is challenging, such constraints become less
significant if the average lifetime of the spin-0 particle is
less than 1 s [38,45,192]. However, the constraints are
severe for very small masses of S and become less
constraining for higher masses.
The light mediator can decay to the SM fermions (f) as

well as DM particles (χ). The decay width of
S → ff̄ is ΓS→ff̄, given in Eq. (23), and the decay width
of S → χχ̄ is ΓS→χχ̄ , given in Eq. (24). The total decay width
of S is given as

ΓS ¼
X
f

ΓS→ff̄ þ ΓS→χχ̄ : ð85Þ

The lifetime of the spin-0 mediator is given by

τS ¼
1

ΓS
: ð86Þ

We can conservatively state that if the spin-0 mediator
has a lifetime of τS ≲ 1 s, it will have no significant impact
on the light element abundances in the Universe [193]. This
constraint can also be verified by comparing the decay
width ΓS with the Hubble expansion rate at T ¼ 1 MeV. To
avoid disrupting BBN, the decay rate must exceed the
Hubble rate at that time. The constraint can be expressed as
follows [192,194]:

ΓS > HðT ¼ 1 MeVÞ: ð87Þ
The Hubble parameter in the radiation-dominated era is
given by

LIPIKA KOLAY and SOUMITRA NANDI PHYS. REV. D 114, 035025 (2026)

035025-16



HðTÞ ¼ 1.66

ffiffiffiffiffiffiffiffiffiffiffi
g�ðTÞ

p
MPl

T2; ð88Þ

where HðTÞ is the Hubble expansion rate at temperature T,
g�ðTÞ is the effective number of relativistic degrees of
freedom [195] contributing to the energy density at temper-
ature T, and MPl ¼ 1.22 × 1019 GeV is the Planck mass.
This constraint will give us a lower limit on the couplings of
our interest. As can be seen from the expression of decay
width, with increasing the mass of the mediator, the decay
width increases. That is why constraint is more important in
the lower-mass region of the mediator.

2. Thermal equilibrium

In our working model, we have considered a fermion χ,
which is a DM candidate and is expected to reproduce the
correct relic density of the Universe via the freeze-out
method. For the DM to freeze out, it should be primarily in
thermal equilibrium with the SM in the early Universe. So,
if the interaction rate of the DM with the SM particles is
very low, it cannot be in thermal equilibrium. The inter-
action of the DM with SM particles is governed by the
couplings cs, cp in our working model. These couplings

cannot be very small for the DM to be in thermal
equilibrium. Here, we will discuss the lower limit on the
couplings. Certainly, the dark sector could undergo ther-
malization if the couplings csχ and cpχ are large. However,
it is likely to possess a temperature different from that of the
visible sector. The DM could still undergo freeze-out into
spin-0 particles, but the resulting abundance becomes
dependent on the specifics of reheating. If all the couplings
are very small, DM can no longer produce the observed
relic density via freeze-out; it can be obtained through the
freeze-in method.
For the DM to be in thermal equilibrium, we know the

interaction rate has to be larger than the expansion rate of
the Universe:

hσvineq > H; ð89Þ

whereH is the Hubble rate,H ¼ 1.66
ffiffiffiffiffi
g�

p
T2=MP, withMP

being the Planck mass and g� being the degrees of freedom,
and neq is the equilibrium number density. hσvi can be
given by either the production of SM particles from SM
annihilation or vice versa. DM can annihilate to various SM
particles:

(a) (b)

(c) (d)

(e) (f) (g)

FIG. 6. Two-loop diagrams contributing to the EDMs of the quarks and leptons, relevant to our scenario. The first figures in the first
and third panels are of the Barr-Zee type diagrams and dominantly contribute to the (c)EDM.
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hσvineq ¼
X
X¼f;V

hσviχ̄χ→XXn
χ
eq: ð90Þ

Here, X stands for SM fermions and vector bosons. We can
write:

hσviχ̄χ→XXn
χ
eq¼ 1

8π2M2
χK2ðMχ=TÞ

Z
∞

smin

×dsσχ̄χ→XXðs−4M2
χÞ

ffiffiffi
s

p
K1ð

ffiffiffi
s

p
=TÞ; ð91Þ

where Ki are the modified Bessel functions of the second
kind, and the expression for σχ̄χ→f̄f can be found in
Appendix E of [64].

3. Bounds from BBN and thermal equilibrium

Since we are mainly interested in the low-mass region of
DM, the cosmological constraints will be important here to
set a lower bound on the parameter space. Below, we will
discuss the BBN constraint and the condition for the WIMP
to be in thermal equilibrium.
As discussed in the previous paragraph, if the lifetime of

the spin-0 mediator satisfies τS > 1 s, BBN imposes a
significant constraint to prevent excessive entropy injec-
tion. To avoid this issue, we require τS < 1 s, or equiv-
alently ΓS > HðT ¼ 1 MeVÞ, which provides a lower
bound on the couplings cs, cp, and cG. Furthermore, these
couplings cannot be arbitrarily small if DM is to remain in
thermal equilibrium with the SM and reproduce the
observed relic abundance via freeze-out.
In the low-mass regime of the mediator, the coupling cG

is largely irrelevant for cosmological constraints, since a
very light mediator cannot decay into SM boson pairs.
Consequently, cG is practically insensitive to these

constraints. In what follows, we discuss the bounds on
the coupling plane arising from BBN requirements and the
condition of thermal equilibrium.
Figure 7 shows the excluded parameter space from both

the constraint from BBN and thermal equilibrium discussed
in Sec. IV E. The plot in the left panel shows the DM-
mediator coupling csðpÞχ ¼ 0.05, while the right one shows
the plot for csðpÞχ ¼ 0.5. The boundary with solid lines
shows the excluded regions from the BBN constraint. In
our working model, the parameters cs, cp are the param-
eters that will be more sensitive to BBN constraints.
Showing the variation with all these couplings is not
possible in a single diagram, so we have plotted some
coupling combinations. The dashed boundaries show the
region where DM cannot be in thermal equilibrium with
SM. Here, the couplings of DM with the mediator will also
play a role since we are studying the annihilation χ̄χ → f̄f.
To do the plot, we have fixed the couplings at csðpÞχ ¼ 0.5
(right) and 0.05 (left). Increasing the couplings will
increase hσvi, which will exclude the parameter space
for a smaller coupling ðciÞ value. The parameter space will
also depend on the mass of the DMMχ . We have shown for
two values of mass Mχ ¼ 5 GeV (blue, olive, red) and
Mχ ¼ 10 GeV (violet). With increasing mass, the excluded
region will be more. Also, for Mχ ¼ 5 GeV, we have
plotted for purely scalar (blue), purely pseudoscalar (olive),
and both equal (red) couplings.
The BBN constraint is coming from the decay width of

the spin-0 mediator S. The solid green region is for purely
scalar coupling, teal is for purely pseudoscalar coupling, and
pink is when both couplings are present and equal. Note that
both cs and cp are tightly constrained by BBN, and their
numerical values≲10−8 are not allowed forMS < 0.2 GeV.

FIG. 7. Excluded parameter space in the mass-coupling (ci −MS) plane, from the BBN constraint and condition for the DM to be in
thermal equilibrium. The region with the dashed boundary is excluded from the condition of DM to be in thermal equilibrium, whereas
the region with solid lines is excluded from the BBN constraints. Different colors correspond to different benchmark scenarios,
depending on the combinations of couplings and mass of DM (Mχ). The left panel shows the DM-mediator couplings csχ;pχ ¼ 0.05,
while the right panel plot shows the couplings csχ;pχ ¼ 0.05.
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However, the BBN constraints are relatively relaxed for
MS > 0.2 GeV, and important constraints will be from the
thermal equilibrium. Note that, for the calculation of the
BBN constraints, we have fixed the DM mass to
Mχ ¼ 5 GeV. To allow the mediator to decay into dark
matter, the kinematic conditionMS ≥ 2Mχ must be satisfied.
In the plots shown in Fig. 7, where Mχ ¼ 5 GeV is chosen,
this condition is not met for most of the parameter space, and
thus, the decay of the mediator into DM does not play a role.
We have also checked cases with lower DM mass (plots not
shown here), and as expected, for MS > 2Mχ, the mediator
can decay into DM, which significantly increases the total
decay width. This, in turn, relaxes the bounds on the SM
mediator couplings cs;p.
As mentioned, the BBN constraint does not depend on

the couplings csχ ; cpχ . On the other hand, the couplings
csχ ; cpχ are sensitive to the constraints of thermal equilib-
rium, which are also visible in the variations shown in
Fig. 7. For small values of csðpÞχ , the allowed values for
both couplings are > 10−7 GeV−1. Hence, for any value of
the couplings and mass range, we are interested in the
coupling region cs;p ≳ 10−7 GeV−1, which is safe from
these two constraints. So, in further analysis, where the
couplings are > 10−7 GeV−1, we will not show these two
constraints explicitly.

F. Model contributions to the dark matter
phenomenology

As mentioned in Sec. II, we have considered fermionic
DM χ which is communicating with the SM particles via a
spin-0 mediator S. Here we have taken χ to be WIMP type
DM, whose stability can be described by imposing a Z2

symmetry on it to prevent it from decaying. The DM
generates the observed relic density [196] via s-channel and
t-channel annihilation diagrams. The dominating annihila-
tion channels are χχ̄ → ff̄; SS, where f stands for SM
fermions. Another loop-generated annihilation channel will
be χχ̄ → gg, which is coming from a top-quark mediated
penguin loop. All the relevant diagrams are the same as in
[64]. Since, in this study, we are mainly interested in
comparatively lower mass DM with mass Mχ ≤ 10 GeV,
the annihilation process χχ̄ → tt̄; VV, where V stands for
SM vector bosons, will not contribute to relic density. So,
for Mχ ≤ MS, the dominating channel will be χχ̄ → bb̄,

and, forMχ ≥ MS, the dominating channel will be χχ̄ → SS
via both s-channel and t-channel diagrams. Also, for
very small cs, cp, annihilation to the spin-0 mediator
will be the only process that contributes significantly to
relic density.
Figure 8 shows the Feynman diagrams of annihilation of

the DM, which can annihilate to a SM or another dark
sector particle via s-channel or t-channel annihilation
diagrams. It will mainly annihilate to the SM fermion pair
f̄f via an s-channel diagram forMχ ≥ mf. Hence, it cannot
annihilate into a top-quark pair. The next dominating
process will be annihilation to a bb̄ pair. Although in
our simplified model we have couplings of the spin-0
mediator with the SM gauge boson, here DM cannot
annihilate to the SM gauge boson due to the kinematical
constraint. There will be a large annihilation cross section
of χχ̄ → gg via a top-penguin diagram, resulting in a
considerable contribution to hσvi. The effective vertex of
this process is given as follows:

Lgluon ¼
αs
8π

ðcsτ½1þ ð1 − τÞfðτÞ�GμνGμν

þ 2cpτfðτÞGμνG̃μνÞS; ð92Þ

where τ ¼ 4m2
t

M2
S
and

fðτÞ ¼

8><
>:

arcsin2 1ffiffi
τ

p if τ ≥ 1

− 1
4

�
log 1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p − iπ

�
2

if τ < 1
:

The processes mentioned above apply to any massMS of
the spin-0 mediator. But for the case MS ≤ Mχ , another
channel will open up χχ̄ → SS via an s-channel as well as a
t-channel diagram, as shown in Figs. 8(b) and 8(c). The t-
channel diagram will have a significant contribution to the
relic, especially in the case of very small cs and cp; it will
be governed by the couplings csðpÞχ .
In our scenario, the parameter space could also be

constrained from the t-channel DMnucleon scattering
process χN → χN, as shown in Fig. 9. The upper bounds
on the DM-nucleon scattering cross section are provided by
various experiments: XENONnT [197,198], LZ [199,200],
and PandaX-4T [201,202]. The direct detection bound

(a) (b) (c) (d)

FIG. 8. Feynman diagrams depicting the annihilation channels of DM are significant for determining relic density.
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given by the above experiments is mostly effective for DM
mass Mχ ≳ 5 GeV, and the bound is sensitive to the DM
and mediator masses. The most stringent bound comes
from LUX-ZEPLIN [199], which gives hσvi ∼ 5 ×
10−47 cm2 for Mχ ∼ 10 GeV while for Mχ ∼ 5 the cross
section is of order 10−44 cm2 [200]. The DD bound on the
nucleon scattering cross section for the sub-GeV DM is
given by the experiments as follows: LZ [73], XENONnT
[72], PandaX-4T [74], DarkSide-50 [203], SENSEI [204],
SuperCDMS [205], LUX [206]. For 2≲Mχ ≲ 5 GeV, the
cross section hσvi ∼ 1.4 × 10−42 cm2, which is obtained
from DarkSide-50 [103,203]. While for Mχ < 2 GeV, the
bounds are relatively relaxed, and the cross section hσvi
will be in the range 10−37 − 10−39 cm2. In our analysis, we
have used these mass-dependent bounds. The expression
for the spin-independent direct detection cross section is
given in Appendix E of [64], where the dependency of the
cross section can be seen as (at t → 0 limit)

σSIχN ∝
c2sχc2s
M4

S
: ð93Þ

An alternative way to search for a light DM candidate is
through the scattering of electrons, i.e.,DM þ e → DM þ e
[207,208]. The experimental and proposed bounds on the
cross section for this process are given by various proposed
and ongoing experiments like XENON100 [209], CRESST-
III [210], DAMIC-M [76], DarkSide-50 [211], ALETHEIA
[212], DarkSide-20k [213], LDMX [214], PandaX-II [215],
SENSEI [216], Oscura [217], etc. They have given an upper
bound on the DM-e scattering cross section, which can also
describe the detection possibility of low-mass DM. The
details of the scattering cross section are given in the
Appendix D. In our simplified model, since we have chosen
MFV-type couplings, the coupling of an electron with the
mediator is proportional to the mass of the electron, so we
will get a suppression in the cross section. Hence, this
channel will not be relevant in our phenomenological study.
The investigation of gamma-ray annihilation spectra in

ID places constraints on the DM annihilation cross section
rates into SM particle pairs such as bb̄, τþτ−, etc.
Collaborations such as Fermi-LAT [218,219], High
Energy Stereoscopic System (H.E.S.S.) [220], and
Cherenkov Telescope Array (CTA) [221] have contributed
to establishing these bounds. More details on these bounds
can be found in [64,222].
In addition to direct and indirect detection bounds, light

DM is also subject to cosmological constraints. Residual
annihilation processes around the time of recombination
can inject energy into the thermal plasma, thereby altering
the ionization history of the Universe and leaving observ-
able imprints on the CMB power spectrum. This effect is
particularly relevant for light DM, where significant anni-
hilation into SM fermions persists at late times, with Planck
data constraining the corresponding annihilation cross

section [196]. In the low-mass region, where bounds from
direct searches via nucleon recoil are less effective, the
CMB limits play an important role in constraining the
parameter space.

V. ANALYSIS AND RESULTS

Our simplified model impacts various observables asso-
ciated with the FCNC and FCCC heavy flavor decays as well
as W- and Z-pole observables. Furthermore, the model
parameters can be constrained from BBN bounds and the
condition of DM thermal equilibrium. It also contributes to
the present relic density of the Universe and can be con-
strained by the DD and ID bounds of the DM. This section
aims to examine the constraints on the model parameters
derived from the available data on these processes.
Given the vast amount of data to analyze, which could

complicate the analysis, separately, we will focus on inputs
that provide weaker constraints on the model parameters.
This approach allows us to discard less relevant data sets in
the later stages of the analysis. We have separately studied
the impact of the data on the semileptonic FCNC processes
B → Kð�Þμþμ−, Bs → ϕμþμ−. In addition, we have ana-
lyzed constraints from meson mixing amplitudes ΔMd,
ΔMs and rare decays such as B0

ðsÞ → μþμ− and

KL;S → μþμ−. Constraints from CHARM experiments
and invisible decays of pseudoscalar mesons were also
included in the analysis. Furthermore, we have evaluated
the impact of FCCC processes as well as W- and Z-pole
observables, and imposed BBN and thermal equilibrium
conditions to establish lower bounds on the couplings. DM
constraints were analyzed separately and in conjunction
with these other observables. We will also discuss the
constraint from the CHARM experiment separately, as that
constraint is important for our analysis.
In this analysis, we focus on the low-mass limit of the

mediator S. The constraints on the model parameters are
expected to depend strongly on the mediator mass MS. As
discussed, we study several processes where S is a virtual
particle and some decays where S is produced on-shell. To
analyze the phenomenology and constraints on the model
parameters, we have divided the parameter space into two
regions based on the mass of the spin-0 mediator:

(i) MS > 3 GeV.
(ii) MS ≤ 3 GeV.

Note that, for MS ≤ 3 GeV, in our model, we will have a
contribution to B → Kð�ÞS decays which is not possible for
MS > 3 GeV. Therefore, we constrain the parameters
separately for MS ≤ 3 GeV and the dataset includes the
data on BðB → Kð�ÞSÞ. In comparison, for MS > 3 GeV,
we will drop the data related to BðB → Kð�ÞSÞ.
We have also divided our analysis into three parts. First,

we show the constraints from flavor and electroweak
observables. Next, we study the constraints from DM
analysis, considering relic density, direct detection limits,
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electron scattering bounds, and indirect detection con-
straints. Finally, we present the correlated parameter space
by analyzing both the flavor and electroweak constraints
and the dark sector constraints.

A. Constraints from flavor, EWPOs and
dipole moments

In the following sections, we study the constraints on the
new physics parameter space. This part of the analysis
incorporates the available data on FCNC, FCCC, and
EWPO observables discussed earlier, along with the con-
straints from dipole moments. The constraints are derived
for various choices of the mediator mass MS, as outlined
previously. At the beginning of this section, we specifically
highlight the constraints arising from the extensive data on
semileptonic decays of the form BðBSÞ → Kð�ÞðϕÞ;lþl−.
The rationale for this focus will become evident in the
subsequent discussion.

1. Bounds from semileptonic BðBsÞ → Kð�ÞðϕÞl+l−

decays

We have taken into account the constraints obtained from
the available data on the differential rates and angular
observables in B → Kð�Þμþμ− and Bs → ϕμþμ− decays.
The NP contributions to these decays from our simplified
model are discussed in the later part of Sec. IVA 2.
Additionally, we have considered inputs on RKð�Þ , as
provided in [112]. In this part of the analysis, we have
not included the inputs on the branching fractions of the
rare leptonic decays [Eq. (32)].
As discussed earlier, the new physics contributions to

these decays arise through the operators Os, O0
s, Op, and

O0
p. We performed a χ2 minimisation procedure using the

Mathematica package [223], incorporating the available
data on differential rates, isospin asymmetry, and angular
observables for the decays B → Kμþμ−, B → K�μþμ−, and
Bs → ϕμþμ−. In this analysis, we focused solely on the
muon sector, as the new physics effects in b → seþe−
transitions are negligible. The relevant inputs for the
differential rates and angular observables were taken from

several Ref.s [93–97,109–111,224,225], and we follow the
approach detailed in [148].
The fit results for various values of the scalar mass MS

are presented in Table III. To examine the dependence on
the cutoff scale Λ, we have performed the fits for
Λ ¼ 2 TeV and Λ ¼ 1 TeV, respectively. From these
results, it is evident that the constraints arising from the
semileptonic decays B → Kð�Þμþμ− and Bs → ϕμþμ− are
relatively weak. Although some of the data included in the
fit exhibit tension with the corresponding SM predictions,
the resulting bounds on the NP parameters remain quite
relaxed, and in some cases, practically unconstrained.
This indicates that the current measurements of angular

observables and decay rates in these channels are not
sufficiently sensitive to the Wilson coefficients Cð0Þ

S and Cð0Þ
P

to impose stringent limits. Consequently, the allowed
values of the couplings cs, cp, and cG can be as large as
Oð10−2Þ GeV−1, with a p-value of approximately 2%. As
we will demonstrate in the following sections, other data-
sets discussed earlier provide significantly tighter con-
straints on the NP parameter space. Therefore, in the
remainder of this work, we will refer to flavor observables
excluding the data on semileptonic B → Kð�Þμþμ− and
Bs → ϕμþμ− decays.

2. A combined study of flavor data, EWPOs and
dipole moments

In this section, we present the results of our parameter
space scan, incorporating all key observables from flavor
physics, EWPOs, and the dipole moments discussed earlier.
A summary of the main flavor and EWPO observables used
in this analysis is provided in Table IV. In addition, we
include the measured values and upper limits on the
branching fractions of several rare and invisible decay
modes, listed in Table I. All these observables have been
discussed in detail in the preceding sections.
In addition to the flavor and Electroweak Precision Tests

observables, we have analyzed the impact of the available
inputs on (c)EDMs and (c)MDMs. In Sec. IV D, we have
calculated the contributions in these observables from our
scenario involving a spin-0 mediator. The SM predictions

TABLE III. Fit results of the couplings cs; cp and cG from a fit to the available data on B → Kð�Þμþμ− and
Bs → ϕμþμ− decays and on RKð�Þ . The p-value, which represents the probability of the fit, is approximately 2%.

Λ½TeV� MS½GeV� cs½GeV−1� cp½GeV−1� cG½GeV−1�
1 10 0.00078(3894) −0.0167ð45Þ −0.00051ð2651Þ

5 0.00040(2106) −0.0087ð23Þ −0.00024ð1304Þ
1 0.00023(2404) −0.0050ð14Þ −0.00014ð1428Þ
0.1 0.00025(1888) −0.0054ð15Þ −0.00015ð1135Þ

2 10 0.089(33) −0.0053ð57Þ −0.067ð24Þ
5 0.0397799(64) −0.0023080ð26Þ −0.0300400ð37Þ
1 0.000099(12893) −0.0039ð13Þ −0.000065ð8617Þ
0.1 −0.00021ð2602Þ 0.0046(13) 0.00014(1713)
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and the respective experimental bounds on the (c)EDMs
and (c)MDMs which could be relevant to this analysis are
shown in Table II. We have noted that, among these
observables, only the electron EDM imposes a stringent
constraint; the others are comparatively weaker and do not
significantly restrict the allowed parameter spaces relevant
to our analysis. We discuss the details of this numerical
check in the Appendix B for a few benchmark scenarios
allowed by electroweak precision test and flavor physics
observables discussed in the earlier sections. For the
electron EDM, the values obtained at the benchmark points
are around Oð10−30Þ, which is close to the current
experimental limit. Therefore, we focus on four observ-
ables: the electron EDM, the top EDM, the top quark
cEDM, and the top quark cMDM. We have taken into
account these constraints and obtained the allowed param-
eter space from a scan, the results of which are presented in
the figures discussed below. As outlined earlier, we will
report results for two distinct mass ranges of MS.
Mass regionMS > 3 GeV:This paragraph will show the

allowed parameter spaces corresponding to MS > 3. We
will varyMS in the region: 3 GeV < MS≤ 10 GeV. In this
analysis, we have incorporated all the constraints listed in
Tables IV, II, and I, respectively. Due to kinematical
constraints, we cannot obtain meaningful bounds from

fixed-target experiments for MS > 3 GeV, as discussed

earlier. The constraints on the parameters cs;p;G from fixed

target experiments are discussed separately in the

Appendix A.
Among the various inputs used, the invisible decay

channels such as P → P0χχ̄ play an essential role in
restricting the allowed mass of the DM Mχ . As discussed,
for P → P0χχ̄ decay, S works as a virtual particle. So here,
the mass of χ is allowed upto Mχ ≤

MP−MP0
2

. Hence, for the
rare decays B → Kχχ̄, the kinematically allowed value is
Mχ ≲ 2.5 GeV. Based on this observation, for the param-
eter scan, we vary the model parameters within the
following ranges:

TABLE IV. List of observables from FCNC, FCCC, and the Z pole observables used in the global fit.

Observable Value Observable Value

jVudj (nucl) 0.97373� 0.00009� 0.00053 [226] jεKj ð2.228� 0.011Þ × 10−3 [105]

jVusjfK→πþ ð0Þ 0.2165� 0.0004 [227] sin 2β 0.699� 0.017 [102]

jVcdjνN 0.230� 0.011 [105] ϕs −0.057� 0.021 [228]
jVcsjW→cs̄ 0.94þ0.32

−0.26 � 0.13 [227] α ð85.2þ4.8
−4.3Þ° [102]

jVubjexcl ð3.91� 0.13Þ × 10−3 [229] γ ð66.2þ3.4
3.6 Þ° [102]

jVcbjB→D ð40.84� 1.15Þ × 10−3 [230] VL 0.995� 0.021 [105]
BðΛp→pμ− ν̄μÞq2>15

BðΛp→Λcμ
− ν̄μÞq2>7

ð0.947� 0.081Þ × 10−2 [231] Δs −0.0345� 0.0498 [104,232]

BðB− → τ−ν̄τÞ ð1.09� 0.24Þ × 10−4 [233] Δd −0.0497� 0.0518 [102,104]

BðD−
s → μ−ν̄μÞ ð5.51� 0.16Þ × 10−3 [233] Rb 0.21629� 0.00066 [105]

BðD−
s → τ−ν̄τÞ ð5.52� 0.24Þ × 10−2 [233] Rc 0.1721� 0.0030 [105]

BðD− → μ−ν̄μÞ ð3.77� 0.18Þ × 10−4 [233] Re 20.804� 0.050 [105]

BðD− → τ−ν̄τÞ ð1.20� 0.27Þ × 10−3 [233] Rμ 20.784� 0.034 [105]

BðK− → e−ν̄eÞ ð1.582� 0.007Þ × 10−5 [105] Rτ 20.764� 0.045 [105]

BðK− → μ−ν̄μÞ 0.6356� 0.0011 [105] Ae 0.1515� 0.0019 [105]

Bðτ− → K−ν̄τÞ ð0.6986� 0.0085Þ × 10−2 [233] Aμ 0.142� 0.015 [105]
BðK−→μ− ν̄μÞ
Bðπ−→μ− ν̄μÞ

1.3367� 0.0029 [105] Aτ 0.143� 0.004 [105]

Bðτ−→K− ν̄τÞ
Bðτ−→π− ν̄τÞ

ð6.467� 0.84Þ × 10−2 [233] As 0.90� 0.09 [105]

BðBs → μþμ−Þ ð3.09þ0.46þ0.15
−0.43−0.11 Þ × 10−9 [234] Ac 0.670� 0.027 [105]

BðB0 → μþμ−Þ ð0.12þ0.08
−0.07 � 0.01Þ × 10−9 [234] Ab 0.923� 0.020 [105]

jVcdjfD→πþ ð0Þ 0.1426� 0.0018 [102] δðΔrÞ × 103 −0.191137� 0.691496 [153]

jVcsjfD→Kþ ð0Þ 0.7180� 0.0033 [102] Re(VR) ½−0.11; 0.16� [144–147]

(a) (b) (c)

FIG. 9. Feynman diagrams contribute to the direct detection
process, to the DM-electron scattering process, and to the indirect
detection for annihilation to bb̄ (right).
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ðjcsj; jcpj; jcGjÞ ≤ 0.1 GeV−1; 3 GeV ≤ MS ≤ 10 GeV;

csðpÞχ ≤ 1; Mχ ≤ 2.5 GeV:

To ensure comprehensive coverage of the parameter space,
we generated random sets of benchmark points spanning
the entire ranges specified above. All parameters were
allowed to vary simultaneously without any imposed bias.

This procedure was implemented in Mathematica using
machine precision. For each set of random points, we
computed the predicted values of the relevant observables.
The parameter points for which these predictions satisfy the
experimental constraints are presented in the plots shown
in Fig. 10.
The plots in Fig. 10 show the allowed parameter space and

the respective correlations in the coupling and mass planes.

FIG. 10. The correlation and allowed parameter space of different couplings and the mediator mass are determined based on all
previously discussed constraints (flavor observables, EWPOs, dipole moments, and meson invisible decays). The parameter space is
evaluated for the scale Λ ¼ 2 TeV. We use the 1σ experimental uncertainty (or the upper limit, where applicable) of the relevant
observables. The analysis focuses on the region where MS > 3 GeV.
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The allowed ranges of the parameters cs, cp, and cG satisfy

jcsðpÞj<5×10−4GeV−1; jcGj≲10−3GeV−1; ð94Þ

placing them at or below the order of magnitude 10−4. In
particular, the phenomenologically viable values of cs and
cp are strongly concentrated around magnitudes of

order 10−5.
It is important to note that the couplings cs and cp are

highly correlated. This correlation arises mainly from the
stringent constraints imposed by electric and magnetic
dipole moments, since in our model the contributions to
(c)EDMs and (c)MDMs scale as the product cscp.
Consequently, relatively large values of cs are allowed
only when cp is very small, and vice versa. This restricts the
allowed parameter space to a narrow region where the
product cscp remains sufficiently suppressed to satisfy
dipole moment bounds.
Also, we have obtained bounds on csðpÞχ since the invisible

decays will be sensitive to these couplings. The respective
bounds or the correlations are shown in Figs. 10(c)–10(e),
respectively. As we can see, there are more concentrations of
solutions for csðpÞχ > 1 × 10−2. Also, the concentrations of
these solutions are for csðpÞ ≲ 1 × 10−4. These lower limits
are due to the tight upper limits on csðpÞ. The correlation
between csðpÞ and csðpÞχ comes from the branching ratios of
the invisible decays, which vary as ∝ c2sðpÞc

2
sðpÞχ , as shown in

Eq. (45). Moreover, within the viable ranges of the couplings,
the dark–matter massMχ is driven toward values≳1.5 GeV,
as illustrated in Fig. 10(e). The correlations shown in Fig. 10
further indicate that solutions tend to cluster in the region
with mediator masses MS ≥ 5 GeV. As noted earlier, the
bounds from dipole moment measurements impose restric-
tions on the couplings cs and cp, although these observables
are largely insensitive to the mediator mass MS.
Consequently, given the constraints on cs and cp, the
dominant constraints on the mediator and dark matter masses
originate from rare pseudoscalar meson decays and invisible
channels such as P → P0χχ̄.
Mass region MS ≤ 3 GeV: This paragraph shows the

allowed parameter space for masses and couplings with
MS ≤ 3 GeV. For the analysis, as inputs, we have taken all
the flavor observables (FCNCs) and EWPOs, which we
have presented in Tables I, II, and IV. As mentioned, for
these mass regions, the invisible decays like P → P0S with
P ¼ B, K and P0 ¼ Kð�Þ; π mesons will play an important
role in constraining the parameter space. For the decay
B → Kð�Þ þ S, we have taken the inputs from [126] where
the variation of BðB → Kð�Þ þ SÞ with MSð≲3 GeVÞ is
presented. For this process, we have analyzed the distri-
bution in branching ratios with the massMS considering the
errors in BðB → Kð�Þ þ SÞ at their 1σ and 2σ confidence
intervals. This is because BðB → K þ SÞ at its 1σ range is

inconsistent with zero. However, at the 2σ range, this
branching fraction is consistent with zero. On the other
hand, BðB → K� þ SÞ is consistent with zero even within
its 1σ error bar. Hence, the bounds on the parameters will
depend on whether we are considering BðB → K þ SÞ at its
1σ or 2σ range.
Furthermore, constraints from the CHARM fixed-target

experiment, which we have discussed in Sec. IV A, are
particularly relevant in this mass range. When MS ≤
ðMP −MP0 Þ, the decay P → P0χχ̄ can proceed resonantly
through an on-shell spin-0 mediator, P → P0 þ S, followed
by S → χχ̄. Therefore, to constrain the allowed parameter
spaces, the bounds from fixed-target experiments must be
included together with the other experimental constraints.
The observable relevant for CHARM is the number of
detected events, Ndet, defined in Eq. (39). In our frame-
work, Ndet receives contributions from the branching
fractions BðK → πSÞ and BðB → Kð�ÞSÞ, and from the
decay width ΓðS → χχ̄Þ. Since the CHARM experiment
did not observe any events, it imposes an upper
bound: Ndet < 2.3.
In Appendix A, we present the regions of parameter

space excluded solely by fixed-target constraints. For scalar
masses MS < 0.1 GeV, these bounds force the relevant
couplings to be extremely small, typically ≲10−8 GeV−1;
see Fig. 18. For MS > 0.1 GeV, however, the fixed-target
limits become considerably weaker (Fig. 18), allowing
couplings of order ≳10−7 GeV−1.
In Fig. 11, we have shown the allowed parameter space

in cs − cp − cG planes for MS ≤ 3 GeV for the 1σ error
band in the distribution in BðB → Kð�Þ þ SÞ which is not
consistent with zero. As discussed above, the data from the
fixed-target experiment and BðB → Kð�Þ þ SÞ impose
strong constraints on the parameter spaces. From the
parameter scan, we get solutions only for MS ≳ 2.5 GeV
and more concentrations of allowed points for the values of
couplings in the regions:

10−9 GeV−1 ≲ ðjcsj; jcpj; jcGjÞ≲ 10−7 GeV−1:

Values of MS < 2.5 GeV are excluded because, in this
mass range, it is not possible to simultaneously satisfy the
measured values of BðB → Kð�Þ þ SÞ and the fixed-target
constraint. The 1σ ranges of BðB → Kð�Þ þ SÞ require the
couplings to lie in the interval 10−9 − 10−7 GeV−1.
However, for MS < 2.5 GeV, couplings within these
ranges are ruled out by the fixed-target bounds (see
Fig. 18). Consequently, there is no region of overlap
between the parameter space allowed by flavor observables
and that permitted by the fixed-target experiment when
MS < 2.5 GeV. As a result, the combined constraints yield
substantially tighter bounds on all three coupling planes
than in the case with MS > 3 GeV.
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If we instead apply the 2σ bounds on the processes
B → Kð�Þ þ S, then viable regions of parameter space
appear across the entire mass range 0.01 ≤ MS ≤ 3 GeV.2

In this case, the allowed solutions remain consistent with
zero because the 2σ limits on BðB → Kð�Þ þ SÞ are them-
selves compatible with zero. As a result, the constraint
effectively provides only an upper bound on the decay rate.
Consequently, even very small coupling values satisfy the 2σ
requirement, leading to allowed parameter space throughout
the entire kinematically accessible region of MS. The
resulting correlations among the parameters are illustrated
in Fig. 12. A strong correlation among the parameters cs and
cG is obtained, and their magnitudes are positively corre-
lated. Furthermore, the positive values of cs prefer the
negative values of cG and vice versa. The bounds we
obtained for this case are

jcsj ≲ 5 × 10−6 GeV−1; jcpj≲ 2 × 10−6 GeV−1;

jcGj ≲ 4 × 10−6 GeV−1:

For MS < 0.2 GeV, the allowed values of the couplings
become negligibly small (below 5 × 10−8 GeV−1). This
region is therefore shown in the inset in the upper-right
corner of the figures to make the fine structure visible. As
discussed above, the bounds in this mass range of MS arise
predominantly from fixed-target experiments.
In the previous case,MS > 3 GeV, we have seen that the

bound gets relaxed with increasing mass of the mediator. In
the case of MS ≤ 3 GeV, the most stringent bound is
obtained for a relatively higher mass of the mediator. This
nature is coming from the CHARM constraint, which again
can be realized from Fig. 18.

B. Allowed parameter spaces including data on the
dark sector

In the preceding sections, we examined the constraints
on the parameter space arising from flavor observables,
EWPOs, and electric and magnetic dipole moment mea-
surements. These analyses revealed correlated regions
among the relevant couplings and masses. For mediator
massesMS > 3 GeV, the typical allowed values lie around
cs;p ≲ 10−4 GeV−1, whereas for lighter mediators with
MS ≤ 3 GeV, the bounds become significantly more strin-
gent, yielding cs;p ≲ 10−6 GeV−1.
To investigate the implications of current DM data within

this framework, we therefore divide our analysis into two
representative mass regimes: MS > 3 GeV and
MS ≤ 3 GeV. Since our primary interest lies in the portal
interactions connecting the mediator, the SM, and the dark
sector, we fix the coupling λ1 ¼ 0.001 [Eq. (5)] throughout
the analysis.

1. Bounds for MS > 3 GeV

We begin by examining the constraints on the parameter
space arising from dark-sector observations for mediator
massesMS > 3 GeV. Figure 13 displays the corresponding
allowed regions, incorporating limits from the relic density
(Ωh2) as well as the spin-independent direct-detection cross
sections and indirect detection cross sections. Guided by
the constraints obtained from flavor observables, EWPOs,
and EDM measurements, we perform a comprehensive
scan of the dark-sector parameter space over the ranges:

ðjcsj; jcpjÞ ≤ 0.005 GeV−1; 3 GeV ≤ MS ≤ 10 GeV;

csðpÞχ ≤ 1; Mχ ≤ 10 GeV;

with a minimum step size of 10−4 for csðpÞχ. The mediator-
gauge boson coupling cG is neglected in this regime due to

FIG. 11. Allowed ranges and correlations among the model parameters, i.e., the mediator mass and couplings, are shown. The
parameter space is constrained by all the discussed observables from flavor physics, electroweak precision tests, invisible decays, and
fixed-target experiments. The analysis is performed for mediator masses MS ≤ ðMB −MKÞ, in order to allow invisible decays of the
type P → P0S. The plot corresponds to the 1σ allowed values of the decays B → KS as given in [126]. Here, we set Λ ¼ 2 TeV.

2The choice of the lower limit on MS is motivated by the fact
that, below this value, fixed-target experiments allow only highly
suppressed couplings.
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its irrelevance for low-mass mediators. In the following
items, we present the information that we can decode
from Fig. 13:

(i) Figure 13(a) illustrates the allowed parameter space
in the cs − csχ plane. For fixed values ofMS andMχ ,
the combined constraints from relic density and
direct detection require that any increase in csχ be
compensated by a decrease in cs. In particular, for
csχ ≥ 0.001, we find that jcsj≲ 10−4 GeV−1. For
the csχ ∼ 1 region, we get cs ≲ 10−4 GeV−1. Fur-
thermore, the constraints on cs become increasingly
stringent for larger csχ, driven primarily by the
bounds from direct-detection experiments.

(ii) Figure 13(b) presents the correlation between cpχ
and cp, driven by relic density constraints. ForMχ ≥
5 GeV and cpχ ≥ 0.5, the pseudoscalar coupling is
constrained to jcpj≲ 0.5 × 10−3 GeV−1.

(iii) Figure 13(c) illustrates the correlation between csχ
and cpχ , with color indicating the variation of the
DM mass Mχ . For lower DM mass, most points
accumulate toward higher cpχ. In contrast, for csχ,
the whole region is allowed, and the lower values
will be favored by DD bounds. The coupling csχ is

strongly constrained by direct detection. For
Mχ > 6 GeV, cpχ is limited to ≳0.05.

(iv) Finally, Fig. 13(d) shows the allowed region in the
MS −Mχ plane, with color indicating the mediator-
DM pseudoscalar coupling cpχ . Near the resonance
region MS ≈ 2Mχ , direct detection constraints ex-
clude many points. For Mχ > MS, the annihilation
channel χχ̄ → SS opens, requiring smaller DM
couplings to satisfy relic density bounds. In this
region, larger cpχ values correspond to smaller cs
and cp.

Overall, in the MS > 3 GeV regime, most of the param-
eter space remains viable, except for cs and csχ , which are
tightly correlated for large csχ from DD cross section
bounds. Strong correlations among masses and couplings
emerge, shaping the final allowed regions.
Combined analysis: Flavor þ EWPOsþ

dipole moments þ DM:
In the previous sections, we have discussed separately the

constraints we are getting from flavor and electroweak
processes. We describe above the results of the analysis
of the dark sector constraints and note that the constraints are
relatively relaxed and perfectly consistent with all the other

FIG. 12. Similar to the previous plots in Fig. 11, here we take the 2σ allowed values for the invisible decays B → KS as given in [126].
This analysis also focuses on the region MS ≤ 3 GeV.
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relevant data. While performing the DM analysis, where
relic density and direct detection, indirect detection cross
section, and the bounds from CMB are taken into account,
we have varied DMmass up to 10 GeV, as shown in the plots
of Fig. 13.
Here, we highlight the regions of parameter space that

remain viable after incorporating all relevant constraints,
including those from flavor physics, EWPOs, EDM mea-
surements, and DM searches. We present the set of points
that satisfy all these bounds in terms of correlated param-
eter spaces, which are essential for understanding the
broader phenomenological implications of the model. In
Fig. 14, we display these allowed correlated regions.
A comparison between the correlations shown in Fig. 14

and those in Fig. 13 indicates that a substantial portion of
the parameter space permitted by dark-sector data becomes
excluded once the EDM and flavor constraints are incor-
porated. As discussed earlier, for the decay P → P0χχ̄ to
occur, the DMmass must satisfy the kinematic requirement
Mχ ≤

MP−MP0
2

. Consequently, the viable dark matter masses
are limited to Mχ ≲ 2.5 GeV.
The allowed regions for the couplings cs and cp are

significantly constrained, primarily due to stringent EDM

bounds. Furthermore, from Figs. 14(a)–14(c), we observe
the corresponding allowed ranges for cpχ and csχ . In
particular, while values of csχ ≳ 10−3 remain allowed, the
parameter space with cpχ ≲ 0.1 appears increasingly
disfavored. In our DM analysis, no constraints are derived
for the couplings cp and cpχ since DD is independent of
these couplings, and relic conditions are satisfied across
the parameter space. However, in invisible decays, the
branching ratio varies as ∝ c2pc2pχ , necessitating lower cp
values for higher cpχ to match experimental upper
bounds.
Figure 14(d) illustrates the allowed parameter space in

the MS–Mχ plane, with the coupling cpχ represented
through the color gradient. We observe that the full range
3≲MS ≲ 10 GeV remains viable only for DM masses
Mχ ≳ 2 GeV. For lighter DM masses, Mχ < 2 GeV, the
mediator mass is restricted to MS ≲ 4.5 GeV.

2. Bounds for MS ≤ 3 GeV

Here, we first discuss the DM phenomenology for
mediator masses MS ≤ 3 GeV. In this analysis, the cou-
plings cs and cp are varied within the vicinity of the region
allowed by flavor constraints. The parameters are scanned

FIG. 13. Allowed points from the constraints of dark sectors, i.e., relic density [196] and DD [197,199] and ID cross sections and
correlations among the masses and the couplings for the mediator mass regionMS > 3 GeV. The color bar is shown with coupling [cpχ
for Fig. 13(d) and mass of the DM Mχ for the other plots].
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over the following ranges:

ðjcsj; jcpjÞ ≤ 10−5 GeV−1; 0.01 GeV ≤ MS ≤ 3 GeV;

csðpÞχ ≤ 1; Mχ ≤ 10 GeV: ð95Þ

Similar to the previous case, here we have also taken relic
and direct detection constraints into account.
Figure 15 shows the correlations and bounds on param-

eter space from dark sector constraints for MS ≤ 3 GeV.
The following items are the key observations from these
correlations.

(i) In Fig. 15(a), the allowed parameter space is shown
in the csχ−cs plane, with the variation in Mχ

represented by the color gradient. The viable range
of cs becomes increasingly restricted for larger
values of csχ . In particular, for csχ ≥ 0.1, we obtain
the bound cs ≤ 10−6 GeV−1. Moreover, in this
region, we find that MS ≳ 1.5 GeV. These con-
straints arise primarily from the DD cross section,
and this part of the parameter space is accessible
only for relatively small DM masses, Mχ < 3 GeV.

The dependence of the couplings on MS exhibits a
behavior opposite to their variation with Mχ . This is
because the correlation with MS originates from the
DD bounds, which permit comparatively larger
values of the product cscsχ as MS increases.

(ii) Figure 15(b) shows the correlation among cp − cpχ
with a color variation of the DM mass Mχ . As
mentioned earlier, for higher DM mass, cpχ will be
constrained up to cpχ ≲ 0.1, which can also be seen
from here. We get the whole region of cp as an
allowed solution, as cp cannot be constrained from
the DD cross section. No correlation with mediator
mass MS is seen from here, as cp and cpχ do not
contribute to the spin-independent direct detection
cross section.

(iii) In Fig. 15(c), the correlation between DM couplings
csχ and cpχ is shown.We can see two distinct regions
in this plot. For higher values of DM mass,
Mχ ≳ 3 GeV, the couplings are restricted to
csðpÞχ ≲ 0.1. This region is the effect of the DM
annihilation process χχ̄ → SS. Since we have both

FIG. 14. The allowed parameter space and correlations among the masses and couplings are obtained by considering all the processes
discussed above, including low-energy flavor observables, fermion electric and magnetic dipole moments and their chromo
counterparts, as well as EWPOs, together with dark sector constraints such as relic density and DD and ID cross section bounds.
Here, we focus on the region MS > 3 GeV.

LIPIKA KOLAY and SOUMITRA NANDI PHYS. REV. D 114, 035025 (2026)

035025-28



s- and t-channel annihilation diagrams contributing
to relic density, to get the observed relic density we
need smaller csχ and cpχ . Also, since the cross
sections mostly vary as: σχχ̄→SS ∝ ðc2sχ þ c2pχÞ, we
get such circle type patterns. The region above the
circle is for other annihilation channels except for
SS. The higher values of coupling space can only be
accessed by the lower mass of the DM.

(iv) Figure 15(d) shows the correlation between DM
mass and mediator mass. The color variation is
shown with the coupling cpχ . Most of the parameter
space is satisfied for the smaller value of the
coupling. A higher value of cpχ is allowed for the
regions: Mχ < MS. The region Mχ > 3 GeV is
satisfied for lower values of csðpÞχ .

These correlations will further be constrained when doing

the combined analysis with all the constraints of flavor,

EWPOs, and DM.
Coannihilation: In our scenario, although there is no

coannihilation channel that directly changes the DM
number density, the process SS → ff̄ can still indirectly
influence the relic abundance. This becomes relevant when
the scalar mediator S is nearly degenerate in mass with the

DM particle χ, and both species remain in thermal
equilibrium during freeze-out. Under such conditions,
the annihilation of S can affect the thermal history and,
consequently, the effective annihilation cross section that
determines the relic density.
However, within the parameter space allowed by our

analysis—specifically under the constraints on the
couplings cs;p—the contribution of the SS → ff̄ chan-
nel is expected to be subdominant. For details, see the
discussion in Appendix C. We have computed the
thermally averaged cross section for each class of
processes (annihilation and coannihilation) for several
benchmark scenarios consistent with the bounds dis-
cussed earlier. Our results indicate that the coannihila-
tion cross section is significantly suppressed compared
to the dominant DM annihilation channels. The leading
processes remain χχ̄ → ff̄ and χχ̄ → SS̄, which directly
deplete the DM population. Therefore, while the SS →
ff̄ process is theoretically relevant due to thermal
equilibrium considerations, its quantitative impact on
the relic density is negligible within the viable regions
of parameter space. Consequently, the overall effect of
coannihilation on the relic density is minimal in the
explored parameter space.

FIG. 15. Allowed points from the constraints of dark sectors, i.e., relic density [196] and DD cross sections [197,199] and correlations
among the masses and the couplings for the mediator mass regionMS < 3 GeV. The color bar is shown with coupling [cpχ for Fig. 15
(d) and mass of the DM Mχ for the other plots].
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Results of the combined analysis: In the scenario where
the mediator mass satisfies MS ≤ 3 GeV, the parameter
space is predominantly constrained by limits from invisible
decay channels and fixed-target experiments. The regions
allowed by flavor observables, electroweak processes, and
dipole moment measurements are shown in Fig. 12. In this
mass regime, the contributions from dipole moment con-
straints play only a negligible role. In this part of the
discussion, we will explore how the DM constraints further
modify the parameter space when combined with these
data. While discussing the outcome from the analysis of
only flavor and electroweak processes, we presented our
results for two cases depending upon whether we take the
1σ error or 2σ error of the process B → Kð�ÞS. For the case
of the 2σ error, the resulting interplay between the allowed
parameter spaces is illustrated in the plots in Fig. 16.
As mentioned, the strongest constraint on this parameter

space is coming from invisible decays (P → P0 þ S) and
the fixed target experiment (CHARM). So, the constraint of
the flavor sector does not really depend on the mass of the
DM (a small dependency is coming from the Breit-Wigner

propagator of S). Similar to the previous case, here also we
do not get any bound or impact of the coupling cG from
DM analysis. So to get the common parameter space from
flavor and DM, we have varied cG in the range allowed
from only flavor observables.
Figure 16(a) shows the correlation between MS −Mχ ,

with color variation of the coupling cpχ . Since the flavor
sector constraint does not have a noticeable dependency on
the DM mass and the couplings, the whole Mχ region is
allowed. However, we could see a higher concentration of
allowed points for Mχ ≳ 1 GeV and MS ≳ 1 GeV. In
Figs. 16(b)–16(d), we have shown the allowed solutions
and the respective correlations for csðpÞ and csðpÞχ with the
varying masses. Note that, for values of Mχ ≳ 5 GeV, the
allowed solutions are concentrated around the values of cpχ
and csχ in the range 0.01–0.15. Values above these ranges
are not allowed for Mχ ≳ 5 GeV. Higher values of these
couplings are allowed, but forMχ < 5 GeV. For csχ < 0.1,
the allowed values of cs could be as large as
1.5 × 10−6 GeV−1. However, for csχ > 0.1, we obtain

FIG. 16. Allowed parameter space and correlations among the masses and the couplings by considering all the discussed flavor
(considering 2σ error of invisible decays) and EWPO constraints as well as the dark sector constraints, for the region MS ≤ 3 GeV.
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jcsj≲ 0.5 × 10−6 GeV−1. The coupling cp does not have
noticeable correlations with the other parameters, and its
values could be as large as 2 × 10−6 GeV−1.
The plots in Fig. 16 illustrate the correlations among

masses and couplings when considering a 2σ error for the
invisible decays. If we instead take a 1σ error for the
invisible decays of the B meson, the parameter space
becomes more constrained. Figure 11 shows the allowed
parameter space from only the flavor observables and
EWPOs. A similar parameter space is obtained when
combining dark sector constraints with these. The mediator
mass is restricted to a very narrow region, as seen in
Fig. 11. The mediator-SM couplings are allowed up
to jcsðpÞj ≲ 10−7 GeV−1. The correlations and allowed
regions for csχ − cpχ remain unchanged. Since MS is only
allowed in the region ≈ð2.5–3.0Þ GeV, the allowed range
for Mχ is also limited to ≳2 GeV, as can be seen from
Fig. 16(a).

VI. OTHER IMPORTANT BOUNDS

A. Bounds on dimensionless couplings

In our analysis, we have obtained bounds on the
couplings cs, cp, and cG, which can be expressed in terms
of dimensionless couplings gs, gp, and gV according to
Eqs. (2) and (4). In this section, we will discuss how the
bounds on cs, cp, and cG translate to dimensionless
couplings gs, gp, gV and the couplings of a toy model.

1. Bounds for MS > 3 GeV

In our analysis, we get (in GeV−1)

jcsj≤10−4; jcpj≤2×10−3; jcGj≤1.0×10−3; ð96Þ

which will give us

jgsj ≤ 0.017; jgpj ≤ 0.034; jgV j ≤ 0.246: ð97Þ

In connection with the DM phenomenology, the above
bounds gs will be applicable if we take the coupling
csχ ≲ 0.003. For csχ > 0.1, the bounds on gs will be much
stronger, like jcsj ≤ 10−5 GeV−1, which again gives us

jgsj ≤ 0.0017: ð98Þ

2. Bounds for Ms ≤ 3 GeV

For this region of MS, we get from our analysis (in
GeV−1)

jcsj ≤ 0.15 × 10−5; jcpj ≤ 0.2 × 10−5;

jcGj ≤ 0.2 × 10−5; ð99Þ

which gives us the bounds on dimensionless couplings:

jgsj ≤ 2.6 × 10−4; jgpj ≤ 3.5 × 10−4;

jgV j ≤ 5 × 10−4: ð100Þ

The above bound on gs is applicable when csχ < 0.1. For
higher values, like csχ > 0.1, the resulting bound on cs will
be smaller. Hence, the bound on jgsj will also be lesser, for
example,

jgsj ≤ 1 × 10−4: ð101Þ

B. Bounds on toy model parameters

The results of the above analysis are useful to constraint
the couplings C

Λ and C0
Λ of the toy model with dimension five

operators defined in Eqs. (8) and (9), respectively. The
couplings cs, cp, and cG are related to CS

s , CS
p, and CS

W;Z

which are defined in Eqs. (14) and (17), respectively. The
parameter α is defined in Eq. (12). The bounds on cs, cp,
and cG will directly put constraints on C

Λ and C0
Λ alongside

mixing angle θ and the VEV u. In this regard, also the data
on the decay rate Γðh1 → ff̄Þ (f ¼ SM fermions) are
useful. The particle h1 [in Eq. (14)] represents the SM
Higgs boson with a mass of mh1 ¼ 125 GeV, while S is a
BSM spin-0 particle. The Lagrangian shows that h1
exhibits both scalar and pseudoscalar interactions, which
can be constrained using data on Higgs decay widths to
light quarks and leptons. The data on the branching ratios
are available for the channels h1 → ðbb̄; μþμ−; τþτ−Þ, with
upper limits on other possible decay channels [103,235],
which are given by

Bðh1 → bb̄Þ ¼ 0.53� 0.08; ð102aÞ

Bðh1 → τþτ−Þ ¼ 0.060þ0.008
−0.007 ; ð102bÞ

Bðh1 → μþμ−Þ ¼ ð2.6� 1.3Þ × 10−4: ð102cÞ

We have analyzed the data available on the Higgs decays
separately, and the respective correlations of C

Λ with the
VEV u and cos θ are shown in the left plot in Fig. 17. Note
that the solutions are allowed only in the regions when
θ → 0 (or π), and for u < 10 GeV, the allowed range of the
coupling is given by

����CΛ
���� < 5 × 10−6 GeV−1: ð103Þ

For values of u around 100 GeV and above, the allowed
solutions of j CΛ jwill be of order 10−8. On top of this, we can
use the bounds on the cs and cp to constrain this coupling
further. Note that the bounds cs and cp forMS > 3 GeV are
much more relaxed and will not restrict j CΛ j further than
what we have obtained in Eq. (103). However, the allowed
solutions on cs and cp for MS ≤ 3 GeV will be relevant.
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The result of a combined analysis of the Higgs data and the
bounds cs and cp is shown in the right plot in Fig. 17. The
allowed solutions will be one order of magnitude smaller
than what we have shown in Eq. (103).
The major constraints on C0

Λ will mainly come from the
bounds we obtain on cG. Following which we have
obtained for the case MS > 3 GeV,

����C
0

Λ

���� ≤ 0.0020 GeV−1; ð104Þ

and for MS ≤ 3 GeV, we get

����C
0

Λ

���� ≤ 0.4 × 10−5 GeV−1: ð105Þ

VII. SUMMARY

We have examined the allowed parameter spaces of a
simplified DMmodel featuring fermionic dark matter and a
spin-0 mediator that interacts with SM fermions and gauge
bosons. This study focuses on the lower mass range of the
spin-0 mediator, i.e., MS ≤ 10 GeV. We divide the
parameter space into two regions depending on the mass
of the spin-0 mediator S; one is MS > 3 GeV, and the
other one is MS ≤ 3 GeV, depending on whether the
bounds of the invisible meson decays P → P0S can be
used or not. We obtain bounds on the coupling strengths
cs, cp, and cG associated with the interaction of the spin-0
mediator with the SM fermions and gauge bosons,
respectively. We analyzed these two regions separately
using all flavor observables and EWPOs. Then, we
studied the constraints from the DM analysis. Finally,
we identified a common parameter space that satisfies all
available constraints, including the data on flavor, dipole
moment, and EW observables, and DM constraints. The
bounds on the couplings we are getting for the lower mass
region (MS ≤ 3 GeV) are very tightly constrained. Also,
we have found the lower bound on the couplings

from BBN and the condition of DM to be in
thermal equilibrium as χ is WIMP-type DM. The BBN
constraint is effective up to a very small mass. We
get the lower limits on couplings csðpÞ of the order
of ∼10−8 GeV−1 (strongly depends on mediator-DM
couplings).
For mediator masses MS > 3 GeV, the most stringent

constraints arise from rare and invisible decays of pseu-
doscalar mesons, such as P → P0χχ̄, as well as from dipole
moment measurements. Using only the bounds from flavor
observables, EWPOs, and dipole moment data, we obtain
the limits jcGj≲ 1 × 10−3 and jcsðpÞj≲ 1 × 10−4 GeV−1.
In addition, the dipole moment constraints induce a strong
correlation between the allowed values of cs and cp,
leading to a concentration of viable solutions in the region
jcsðpÞj≲ 1 × 10−5.
Additionally, we have performed a comprehensive scan of

the parameter space and identified the correlations among
the parameters consistent with constraints from DM phe-
nomenology, flavor physics, dipole moment measurements,
and electroweak precision observables. The solution points
allowed by the dipole moment constraints remain compatible
with the bounds arising from the dark sector.
Our analysis shows that values of csχ ≳ 10−4 GeV−1 are

permitted, whereas regions with cpχ ≲ 0.1 GeV−1 are
disfavored by the combined constraints. Furthermore,
the allowed regions in the ðMS;MχÞ plane indicate that,
for Mχ ≲ 2 GeV, viable solutions exist only for
MS < 4.5 GeV. In contrast, for Mχ > 2 GeV, solutions
are found across the full range 3 < MS < 10 GeV.
For MS ≤ 3 GeV, the parameter space will mostly be

constrained from invisible decay and fixed-target experi-
ment constraints. The most stringent bound for invisible
decay comes from the decay B → KS. The bounds on the
couplings jcpj; jcGj are ≲5 × 10−6 GeV−1. We observe a
similar limit on jcsj if we take csχ < 0.1. For csχ ≥ 0.1, we
get solutions only forMχ ≲ 3 GeV and jcsj≲ 10−6 GeV−1.
For Mχ ≥ 5 GeV, we get ðcpχ ; csχÞ≲ 0.1.

FIG. 17. Allowed parameter space in the plane of u − C=Λ (VEVof P-interaction strength), where the color variation is shown with
the cosine of the mixing angle θ. The left plot is the allowed region for the case when we have taken only the Higgs data. The right plot
shows the bound for the combined input of the Higgs decay data along with the bounds on cs and cp, which we get from our analysis.
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Using the bounds on jcsj, jcpj, jcGj, we have obtained
bounds on the dimensionless couplings jgsj, jgpj, and jgV j,
respectively. ForMS > 3 GeV, the approximate bounds on
gsðpÞ and gV will be ≲0.017 and ≲0.25, respectively. For
MS ≲ 3 GeV, the respective approximate bounds are
gs=p=V ≲ 0.0004 when we take jcsχ j < 0.001. The allowed
values of gs will be less than 0.0001 when we consider
jcsχ j > 0.001. These results suggest that the benchmark
scenarios used in the collider analysis should be carefully
chosen following the correlations among the parameters
and their limits.
Finally, we have obtained bounds on the couplings of the

dimension-5 operators, which could lead to the type of
interactions we are considering between the SM fermions
or gauge bosons with the spin-0 mediator S. Since the
mediator S mixes with the SM Higgs (h1), the measured
values on the branching fractions h1 → ff̄ (f ¼ fermions)
will play an important role in the constraint of the mixing
parameter (sin θ) and the other relevant couplings. We have
obtained points that are allowed only for small mixing
angles from a combined study of all the relevant inputs. In
addition, we have obtained strong bounds on the couplings
normalized by the scale of NP (Λ).

DATA AVAILABILITY

There are no publicly available research data or software
supporting this manuscript. Requests for further informa-
tion or data should be sent to the authors.

APPENDIX A: BOUNDS FROM FIXED-TARGET
EXPERIMENT

In Sec. IV A, we discussed the fixed-target experiment
where the spin-0 mediator S can be produced from meson
decay, which further decays into pairs of electrons, muons,
and photons. So far, no event(s) have been detected in the
CHARM detector [119], and the available upper bound is
Ndet < 2.3. We have used this bound as an input in our

analysis and obtained the plots in Fig. 18, which shows the
excluded parameter space (colored regions) in the cou-
pling-mass plane. The detailed theoretical expressions can
be seen in Sec. IVA. While generating the plot, we kept all
the parameters free except the cutoff scale, which was set at
Λ ¼ 2 TeV. The pink points in the plots correspond to the
case whereMχ > MS; i.e., the mediator cannot decay to the
DM particle. The purple points are for when Mχ ¼ 1. To
generate the plots, the couplings are varied in the full region
ðjcsj; jcpj; jcGjÞ ≤ 10−5 GeV−1. The mass of the mediator
is varied up to MS ≤ 5 GeV. We perform a random scan
over the parameter space, selecting only those points that
satisfy the imposed constraints. The excluded points are
shown in color, while the white regions correspond to
parameter points consistent with all constraints and are
therefore allowed.
As we can see from Eq. (39), Ndet depends on the total

decay width of the mediator, so the mass and the coupling
of DM will play a role here. For example, for a fixed value
of the coupling, Ndet will decrease with the increasing
values ofMS. The extreme left plot represents the variation
ofMS with the scalar coupling cs, and the middle and right
plots show the variation with cp and cG, respectively. We
can see that the constraints on the couplings are more
severe for MS ≲ 0.2 GeV. Conservatively, the allowed
values of all three couplings will be ≲10−8 (in GeV−1).
We have checked that this data will not provide any strong
correlations between the couplings cs, cp, and cG.
Furthermore, the data from CHARM will not constrain
the DM-mediator couplings csχ and cpχ , nor will it restrict
the allowed region of Mχ . From Fig. 18, we can see a dip
region starting from MS ∼ 2mμ.

APPENDIX B: FEW RESULTS—ELECTRIC AND
MAGNETIC DIPOLE MOMENTS

Here, we present the values of several observables for
two benchmark points (BPs), defined as follows:

FIG. 18. Excluded parameter space in the mass-coupling (ci −MS) plane from CHARM fixed-target constraints (colored points
indicate excluded regions). The three panels show the variation of the excluded region when scanning over the couplings cs, cp, and cG
simultaneously, with the mediator mass MS displayed on the x-axis. Pink points correspond to scenarios with Mχ > MS. Purple points
correspond to Mχ < MS, where the dark-sector couplings csχ and cpχ are also varied simultaneously.
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BP1∶ cs ¼ 5 × 10−3 GeV−1; cp ¼ 3 × 10−3 GeV−1; MS ¼ 8 GeV;

BP2∶ cs ¼ 2 × 10−3 GeV−1; cp ¼ 1 × 10−3 GeV−1; MS ¼ 4 GeV: ðB1Þ

These benchmark points were selected based on an analysis
of constraints from low-energy flavor physics and electro-
weak precision observables, as discussed in Sec. VA. The
corresponding values of (c)EDMs and (c)MDMs for
leptons and quarks at these two benchmark points are
presented in Table V, where both (c)EDMs and (c)MDMs
are considered at one-loop level. For all these observables,
we have presented only the respective NP contributions.
For the anomalous magnetic moments, we report the new
physics contribution, denoted by Δaf, which we can
compare with the difference aexpf − aSMf wherever appli-
cable. The SM predictions and experimental limits, pro-
vided in Table II, serve as a reference to assess the
magnitude of potential new physics contributions for each
of these observables.
Note that, in the predictions of the anomalous magnetic

moment, we don’t see much improvement compared to the
respective SM predictions, and the current experimental
limits are not useful for constraining the NP parameter
spaces. Hence, for the combined analysis, we have not

considered these data. Furthermore, the model makes
significant contributions to all the EDMs, cEDMs, and
cMDMs, and largely deviates from the respective SM
predictions. However, among all these observables, only
jμEe j, jμEt j, jdnj, μt, and dt are relevant to constrain the new
physics parameter spaces. The rest are several orders of
magnitude smaller than current experimental bounds.
Hence, to constrain the NP parameter space, we have
considered only the above-mentioned four dipole moments,
which we have discussed in the main text.

APPENDIX C: CONTRIBUTION IN THE
COANNIHILATION CHANNEL

In our scenario, the coannihilation channel SS → ff̄
can still indirectly influence the relic abundance. Details
on coannihilations can be found in [236,237]. Following
this, we have given the numerical contribution from each
process to understand the degree of suppression. As
pointed out in [236], when the DM χ and the mediator
S are in chemical equilibrium, the effective cross section
of DM annihilation to be used in the Boltzmann equation
can be found as

σeff ¼
gχ
geff

�
σχχ̄→all þ σSS→all

g2S
g2χ

ð1þ ΔÞ3e−2xΔ
�
: ðC1Þ

The parameter Δ defines the mass splitting between the
DM and the mediator and is defined as Δ ¼ MS−Mχ

Mχ
. geff is

given by geff ¼ gχ þ gSð1þ ΔÞ3=2e−xΔ. Note that the
contribution from coannihilation depends on the mass
difference between DM and the mediator Δ. So, the effect
of coannihilation will only be effective when Δ is very
small. We have calculated the thermal averaged cross
section for each type of process (annihilation and coanni-
hilation) and in the following comparison for a few
benchmark points.
Table VI presents a comparative analysis of the annihi-

lation and coannihilation cross sections for several bench-
mark points. It is evident from the table that, for a given
benchmark scenario, the coannihilation cross section is
significantly suppressed relative to the DM annihilation
channels.

TABLE V. Values obtained for different dipole moments of
leptons, quarks, and neutrons for two benchmark points, defined
in Eq. (B1). Here, we consider the contributions to EDMs at the
one-loop level. In this table, we define Δaf as the new physics
contributions in the respective anomalous magnetic moments,
which we can compare with the difference aexpf − aSMf wherever
applicable. The observables with the asterisks are taken to
perform a parameter space plot (shown in Fig. 10).

Observable Value@BP1 Value@BP2

Δae 1.99 × 10−21 1.37 × 10−21

Δaμ 1.57 × 10−12 9.48 × 10−13

Δaτ 3.84 × 10−8 1.58 × 10−8

Δat 3.77 × 10−3 6.59 × 10−4

�jμEe j 6.95 × 10−32 e-cm 3.41 × 10−32 e-cm
μEμ 2.49 × 10−25 e-cm 1.07 × 10−25 e-cm
μEτ 3.12 × 10−22 e-cm 8.93 × 10−23 e-cm
�μEt 2.01 × 10−19 e-cm 2.77 × 10−20 e-cm
�jdnj 1.47 × 10−27 e-cm 6.42 × 10−28 e-cm

�μt 4.83 × 10−19gs−cm 8.46 × 10−20gs−cm
�dt 4.53 × 10−20gs−cm 6.24 × 10−20gs−cm

LIPIKA KOLAY and SOUMITRA NANDI PHYS. REV. D 114, 035025 (2026)

035025-34



APPENDIX D: DM-ELECTRON CROSS SECTION

In the low-mass region of the DM, another significant
direct detection process would be the DM-electron scatter-
ing cross section. As mentioned in Sec. IV F, the bound and

projected bound on the scattering cross section is provided
by various current and future experiments. The amplitude
square to calculate the scattering cross section is given as
follows:

jMj2 ¼m2
eðc2pð−2m2

e−2M2
χ þ sþ tÞþc2sð2m2

e−2M2
χ þ sþ tÞÞ

ð−2m2
eþM2

S−2M2
χ þ sþ tÞ2 ððc2pχ þc2sχÞð−2m2

eþ sþ tÞþ2M2
χðc2sχ −c2pχÞÞ: ðD1Þ

The cross section will be given by [207,238]

σχe→χe ¼
μ2χe

16πM2
χm2

e
jMχeðqÞj2q2¼α2m2

e
; ðD2Þ

where

jMχeðqÞj2 ¼ jMχeðqÞj2q2¼α2m2
e
× jFDMðqÞj2: ðD3Þ

μχe is the reduced mass of DM and electron. jMχeðqÞj2 is the squared matrix element averaged over the initial and summed
over the final particle spin. The upper bound is provided either on the observable σχe→χejFDMðqÞj2 or by taking
FDMðqÞ ¼ 1. The DM-electron scattering cross section for a few benchmark points is given in Table VII.

TABLE VII. DM-e scattering cross section for a few benchmark points.

BP σe (cm2)

1. Mχ ¼ 1 GeV;MS ¼ 8 GeV; csðpÞ ¼ 3ð4Þ × 10−3 GeV−1; csðpÞχ ¼ 1 2.55 × 10−44 cm2

2. Mχ ¼ 2.5 GeV;MS ¼ 6 GeV; csðpÞ ¼ 1ð2Þ × 10−3 GeV−1; csðpÞχ ¼ 1 1.43 × 10−43 cm2

3. Mχ ¼ 2.5 GeV;MS ¼ 1 GeV; csðpÞ ¼ 0.1ð0.1Þ × 10−3 GeV−1; csðpÞχ ¼ 1 3.23 × 10−44 cm2

4. Mχ ¼ 0.8 GeV;MS ¼ 1 GeV; csðpÞ ¼ 0.5ð1Þ × 10−6 GeV−1; csðpÞχ ¼ 1 2.48 × 10−47 cm2

TABLE VI. Comparison of the DM annihilation cross section to the coannihilation cross section numerically.

Benchmark points

Cross-section (GeV−2)

hσviχχ̄→ðSSþff̄Þ hσviSS→ff̄

ðMχ ;MSÞ ¼ ð2; 2.5Þ GeV, 9.34 × 10−11 3.92 × 10−15

ðcs; cpÞ ¼ ð0.005; 0.003Þ GeV−1, ðcsχ ; cpχÞ ¼ ð0.015; 0.01Þ
ðMχ ;MSÞ ¼ ð1.5; 5Þ GeV, 1.57 × 10−13 1.76 × 10−57

ðcs; cpÞ ¼ ð0.006; 0.005Þ GeV−1, ðcsχ ; cpχÞ ¼ ð0.001; 0.001Þ
ðMχ ;MSÞ ¼ ð2.5; 3Þ GeV, 1.27 × 10−10 6.94 × 10−14

ðcs; cpÞ ¼ ð0.006; 0.005Þ GeV−1, ðcsχ ; cpχÞ ¼ ð0.001; 0.01Þ
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